
MOTIONAL STATES OF NO^ AND OTHER 

IONS IN Kl SINGLE CRYSTALS 

SUKHDEO SINGH KHATRI 

DEPARTMENT OF PHYSICS 
SCHOOL OF PHYSICAL SCIENCES 

SUBMITTED IN FULFILMENT OF THE REQUIREMENT OF 
THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

TO 

The NorthEastera Hill University 
SHILLONG-793001 

I N D I A 
APRIL 1983 
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SYNOPSIS 

MOTIONAL STATES OF NOg" ANH. OTHER 

IONS IN KI SINGLE CRYSTALS 

This thesis deals with the behaviour of polyatomic 

molecular impurities in allcaii halide crystals, their 

localized and reoriejitational states and the interaction 

effects among impurities. The thermal, mechanical and many 

other properties of solids are strongly dependent on the 

orientational degree of freedom of its constituents and 

impurities. Therefore a systematic study of different 

orientational motions of ions in solids may lead to better 

understanding of the properties of solids containing mole­

cular impurities. 

A number of small ions or dipolar impurities 

dissolved as solid solution in alkali halide single crystals 

in small concentrations are known, to occupy substitutional 

positions with discrete orientations in the lattice 

(Barker and Sievers 1975). The equilibrium orientations 

of dipoles are determined by the directions of potential 

energy minima within the lattice site they occupy. The 

dipolar impurities at low temperatures can reorient 

themselves among the eq.uivalent potential wells due to 
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overlapping of wave functions of the oriented dipolar 

states leading to tunnel splitting of the orientational 

degeneracy. The tunnel splitting is extremely sensitive to 

the details of crystal field due to the host lattice. 

Another interesting problem is that of modes due to pairs 

and triplet clusters of impurities in alkali halide crystals. 

At relatively higher concentrations, formation of pairs and 

triplet cluster of impurities are favoured. The coupling 

between the impurities in a pair or triplet cluster gives 

rise to localized modes. 

ffe have studied the tunneling modes, and modes due 

to pairs and triplet clusters of the NOg" ions doped in KI 

single crystals at 1.7 K. The nitrite ion is a bent dipolar 

ion. When it is doped in potassium iodide crystal it replaces 

the iodide ion such that its dipole moment points in the 

riiol direction with its 0-0 axis along the roOl] direction 

in the KI lattice. It has a dipole moment of 0,97 Debye 

in KI (Sack and Moriarty 1965), This large dipole moment 

indicates that it is off-centred and is displaced along 

the (J.lOy direction. Hence it has twelve equilibrium 

orientations. At very low concentrations of the impurity 

17 -3 ^ (/-sv-10 ions cm ), the v^ vibration (antisymmetric 

stretch) of the NOp" ion shows multiplet structure. We have 

explained ihis structure a? resulting from the tunneling 
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of the ion among the twelve \110^ equivalent potential wells 

for the ion in the KI lattice (Khatri and Verma 1983a). 

The tunneling of the ion in KI has been explained in terms 

of the Gomez, Bowen and Krumhansl model (Gomez et al 1967). 

From these studies we have found that the probability for 

the tunneling of the ions among the next nearest-neighbour 

wells is largest whereas nearest-neighbour tunneling 

probability is small. From the observed splittings, we 

have estimated the potential barrier heights for different 

types of tunneling motions of the NOp" ion in KI. At rela-
19 —3 tively higher concentrations (̂ -̂'10 ions cm" ), the 

infrared spectra of the KI-.NOg" crystals at 1.7 K in the 

'̂ g fundamental vibration region of the NOg" ion shows many 

distinct side bands on both sides of the main v^ absorp­

tion peak. The intensities of these side bands show 

non-linear (roughly quadratic) dependence on concentration. 

The structure on the low frequency side is more pronounced 

than that on the high frequency ?ide. These side bands 

have been explained as arising from the electrostatic 

coupling between the transition dipole moments of the N0o~ 

ions occuring in pairs and triplet clusters. vVe have consi­

dered different types of pairs and triplet clusters of the 

ions in KI and their calculated mode frequencies are in 

reasonable agreement with the experimental observations 

(Khatri and Verma 1983b). The calculations are based on a 
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coupled harmonic oscillator model (De Souza and Luty 1973) 

where the coupling is provided by the interaction between 

the transition dipole moments of the NOp~ ions during their 

'V*', vibrations. From these studies we have estimated the 

magnitude of the transition dipole moment of the NOg" ion 

in KI. 

Temperature dependent studies of the localized modes 

can provide useful information about the interaction 

between the local mode and lattice phonons. There have been 

numerous studies, both experimental and theoretical (Barker 

and Sievers 1975) on the temperature dependence of the 

width, position and intensity of local modes and resonant 

modes of several substitutional impurities in alkali halide 

hosts but hardly any study on infrared active gap mode has 

yet been possible. The reason is that the difference band 

absorption of the host lattice dominates the spectral region 

near the gap and thus masks the impurity induced absorption 

in the gap above around 10 K. It would be of considerable 

interest to study the temperature dependence of the gap 

modes in a suitable system and see whether similar mechanism 

can explain the temperature dependent effects for the gap 

mode which have been so successful in understanding the 

temperature dependent effects for the Ideal and resonant 

modes. 



The NOg" ion substituted in KI induces two gap modes 

1 —1 

at ̂ x/73 cm and -̂w-SS cm • (.Metselaar and Van der Elsken 

1968, Eijnthoven 1970) and they appear as side bands to the 

"Or, fundamental vibration of the NO^" ion in KI. We have 

investigated the temperature dependence of the half-width 

and centre frequency of the V, fundamental and its combi-

_ i 

nation with the 73 cm gap mode from 1.7 to 77 K. Infor­

mation about the variation of half-width and centre fre­

quency of the gap mode as a function of temperature is 

extracted from this study which can be satisfactorily 

explained in terms of anharmonic interactions of the gap 

mode with lattice phonons (Khatri and Verma 1982). 

This thesis consists of seven chapters. Chapter I 

introduces the problem and outlines the controversies and 

confusing interpretations given by earlier workers about the 

motional states of the NOp~ and NOg" ions doped in KI. 

Chapter II presents the theoretical background to 

understand the different kind of motional states and 

localized modes of ions substituted in alkali halides. A 

brief review on the tunneling states, pair modes and 

temperature dependence of localized modes of various 

impurities in alkali halide hosts is also given in this 

chapter. 



VI 

Chapter III deals with the experimental techniques 

lilce sample preparation, modified instrumental arrangement 

to attain higher resolution and helium cooled detector etc. 

In chapter IV" the tunneling motion of the NOg" 

ions in KI has been discussed. Studies made by earlier 

workers on the NOg" ion doped in alicali halides have been 

briefly described. Prom the observed splitting of the "̂ ^ 

fundamental vibration of the NO^" ion in KI, we have 

calculated various tunneling matrix elements. We have also 

calculated potential barrier heights for different types 

of tunneling motions of the NOg" ion in KI. From the 

magnitudes of these matrix elements and barrier heights, 

conclusions have been drawn about the nature of tunneling 

motions performed by the ion. 

Chapter V contains the discussion of the modes 

arising due to pairs and triplet clusters of the NOg~ ions 

in KI. In this chapter we have calculated the interaction 

energies .between the permanent dipole moments of the NOg" 

ions and also between the induced dipole moments of the 

ions during their v vibration when the NOg" ions form 

pairs and triplet clusters in KI. From this we have 

calculated the position of various satellite bands observed 

in the vicinity of '̂ g vibration of the NOg" ion. We have 

also estimated the value of the induced (transition) dipole 

moment of the ion during its '̂ g vibration. 
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In chapter VI we have discussed the temperature 

dependence of the half-width and frequency sh i f t of the 
-1 -

73 cm gap mode of the NOg ion in KI. From th i s study 

we have estimated the values of the e f fec t ive Debye tempera­

tu re s QQ and Qj., and coupling coe f f i c i en t s /J ^ (^ and 

^(A. ) , which provide clues to the nature of coupling 

of the gap mode with l a t t i c e phonons. 

The l a s t chapter presents the conclusions derived 

from the present work. 
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CHAPTER - I 

INTROUUGTION 

If an atom in a pure crystal lattice is replaced 

by another atom or molecular group, the crystal is said to 

contain impurities. Presence of impurities in pure crystal­

line solids changes their properties like dielectric constant 

specific heat, thermal conductivity etc. The thermal, 

mechanical, electrical and many other properties .of solids 

are strongly dependent,on the orientational aegree of 

freedom of the constituents of the solids and on the presence 

of impurities. Introduction of impurities in crystal destroys 

the periodicity of the lattice and affects its potential 

energy function leading to modifications in th^ vibrational 

characteristics of the host crystals. Weakly coupled or 

lighter impurities may induce non-propagating vibrational 

modes at frequencies where the normal lattice vibrations of 

the host crystal may not occur. Depending on the nature 

and coupling of impurities with the host lattice, they 

may induce localized modes, gap modes, resonant modes and 

reorientational or tunneling modes if the concentration 

of impurities is small. Coupled modes due to interactions 

among impurities themselves may also arise if the 

Concentration of impurities is large. 



The frequencies of these exceptional modes are 

determined mainly by the intermolecular forces between the 

impurity and the surrounding lattice and he ace their study 

hap become an important means of investigation of the 

interaction potential between the impurities ar.i the host 

lattice. The knowledge of this potential is also of impor­

tance for a better understanding of the properties of pure 

crystals themselves. Moreover, the orientational freedom of 

mplecular groups or impurities in solids depends on four 

parameters: The height and symmetry of the potential in 

whieh the impurity ion moves, the rotational moment of 

inertia of the impurity and the temperature of system. In 

order to understand all these phenomenon associated with 

the motion of impurities, a definite knowledge of the 

potential in which the impurity ion performs different types 

of motion is important. 

The potential energy for a crystal coitaining 

impurities can be expressed as: 

H, = H ° ^ H ^ + ^ H , . ̂ H^. .... (1.1) 

J 

where H. is the potential energy of the impurity in free 

state, i.e., the unperturbed part, H^ is the perturbation 

due to crystal field and it is a static' field effect. 

This term gives the effect of surrounding lattice in its 
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equilibrium configuration on impurity. In the case of a 

complex ion, it gives rise to shift in the internal vibration 

frequencies of the impurities. This term may also give rise 

to a number of possible equilibrium configurations of impure-

ties in crystals which may or may not be situated on the 

normal lattice site. In that case a tunneling from one ^ 

configuration to another may take place. The term / ^ H j_ ̂  

is the dynamic field effect which is responsible for the 

coupling between the impurities in crystals giving rise to 

pair modes and modes due to clustering of impurities. The 

last term H-. ĵ  in the expansion represents the interaction 

between the host lattice and impurities. This term is 

responsible for giving rise to various types of localized 

modes which are non-propagatory modes. In the case of complex 

ions, interaction between the internal vibrations of the 

ion and the lattice modes can lead to combination bands in 

the mid-infrared region. Therefore, the knowledge of the 

petential is necessary in order to understand the effect 

of these interaction terms on the properties of the system. 

Most of such studies have been made in ionic 

crystal hosts such as alkali halides. This is because of 

their simpler crystal structure and they are easier to 

grow and purify. Moreover, these crystals have been 

studied extensively and their lattice dynamics has been 

understood quite thoroughly. Consequently, alkali halide 



u 

crystals have become ideal hosts for the study of impurity 

modes. There has been considerable amount of work, theore­

tical as well as experimental, in case of monatomic impuri­

ties substituted in alkali halide crystals. The far-infrared 

spectra of alkali halides doped with monatomic impurities 

involving localized states, reorientational'or tunneling 

states etc have been understood quite satisfactorily. 

Polyatomic impurities, however, present more difficulties 

due to their complex structures as compared to the monatomic 

impurities. But there is an advantage with polyatomic 

impurities that various types of modes can be observed as 

side bands to internal vibrations of the impurities in the 

mid-infrared absorption where high resolution can be attained 

rather easily. In the present work the .behaviour .of poly­

atomic impurities like nitrite and nitrate ions in potassium 

iodide single crystals has been studied, '/i/e have chosen 

these particular defect-host systems because the motional 

states of the NO^" ion in KI by earlier workers were not 

understood properly mainly due to inadequate resolution 

and proper choice of samples. Moreover, KI has a well-defined 

gap between its acoustical and optical phonon branches, 

which most of the other alkali halides do not have. 

Therefore potassium iodide is a suitable host for studying 

gap modes due to impurities, 'Ve have studied the temperature 

dependence of the gap mode of the NOj" ions in KI. 



Manjc atomic or laolacular impuritlaa- aui>stit-urte4. in 

crystals aye k:nown to produce isolated dipoles. Suck impuri­

ties tan be divided into two groups:(l) those having intrinsic 

dipole moments such as WCO~, CN~ or N02~ and (2) those in 

which the defect-host combination itself produces an effective 

dipole such as Li"̂  in KGl, P~ in NaBr, Ag"*" in RbCl etc. 

Both of these types of defects are called paraelectric defects 

and are characterized by their dipole orientations in crystals, 

ie, the off-centre displacement direction for a monatomiP 

impurity or the direction of dipolar axis for polyatomic 

impurities. The molecular iuipurities may also be off-centred 

becctuse it is possible that the normal lattice site may not 

be a stable equilibrium position, the impurity ion then will 

move off-centre until it finds a new equilibrium position. 

When a small impurity ion replaces a large host ion 

in an alJcali halide, the large decrease in the repulsive 

potential can lead to an instability at the normal lattice 

site. The actual position of the ion depends primarily upon 

a delicate balance of repulsive and polarization energies. 

A large repulsive interaction tends to keep the ion in place, 

while a high polarizability will tend to move it off the 

normal lattice site. The e;quilibrium orientations of tî e 

dipoles at low temperatures are determined by the directions 

of the potential energy minima within the multiwell potential 



produced by the crystalline field of the host lattice at the 

substitutional site. In either case, the motion of the 

imparity occurs in a local potential well of lower symmetry 

than the octahedral symmetry of the lattice. In order to 

agree with the symmetry of the lattice surrounding the 

impurity, the dipolar direction can be along the six ((lOÔ -̂  

directions, the eight <(ill) directions or the twelve <^llo\ 

directions having C^^, Gg^ or Cg^ as local symmetries 

respectively. The dipolar impurities substituted in alicali 

halides have an interesting possibility of reorienting 

themselves at very low temperatures (KT <C<(Vo ) along several 

equilibrium directions of the host lattice by tunneling 

among the equivalent potential wells in crystalline lattice. 

The overlapping of the oriented dipolar states leads to a 

periodic motion of the ion among multiwell potential with a 

characteristic tunnel splitting which is extremely sensitive 

to the details of the crystal field cf the host lattice. 

There has been a great deal of experimental and theoretical 

work: on low-lying motional states of dipolar impurities 

substituted in alicali halide crystals (Marayanamurti et al 

1970, Baricer and Sievers 1975). A brief review on the work 

done so far on tunneling states is given in chapter II 

for completeness. 



The KI'.NOp" system has been investigated previously 

by several woricers (Narayanamurti et al 1966, Evans and 

Pitchen 1970, Sacic and Mariarty 1965, Rebane et al 1974, 

Avarma and Rebane 1969) in order to understand various types 

of impurity modes. Narayanamurti et al (1966) observed 

large band-width associated with the 'v̂  fundamental 

vibration of the N0^~ ion in KI which showed a stronger 

temperature dependence than in KCl. Even at 1.7 K we observed 

large band-width associated N±th the "Ô  absorption band 

of the NOg" ion in KI. The large band-width which could not 

be resolved due tc inadequate instrumental resolution and 

relatively large concentrations of the N02~ ions used in KI 

by earlier workers, is interpreted by us as arising due to 

the tunneling of the NOp" ions among several equivalent 

potential wells. In the present work we have studied" 

motional states of the NOp~ ions in KI due to tunneling. 

#e have measured the high resolution infrared spectra of the 

KIiNOg" system for both the low and high impurity concentrations 

at very low temperatures. To study the tunneling behaviour 

of the ion, it is essentjal to use thick samples having 

very low concentrations of the NOp" ions to ensure that the 

ions are isolated from one another. 'Âith increasing 

concentration, the electrostatic coupling between the ions 

causes new absorption bands close to the vibrational bands 

of the isolated ions, which will be discussed later in details 
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At low concentrcitions (^^10 icns cm~ ) a very complex 

and temperature dependent structure, with at least six 

components, with the antisymmetric stretching vibration 

'̂ j of the NOp" ion is observed which is interpreted as 

arising from the tunneling of the NOg" ion among the 

twelve <^110y equivalent orientations of the ion at 1.7 K. 

From the observed unequal tunnel splitting of the 'v̂  

fundamental vibration, we have estimated potential barriers 

for reorientation of the ion due to different types of 

tunneling motions. 

Tunneling is purely a quantum mechanical phenomenon. 

It means penetration of a potential barrier by a particle, 

which is forbidden in classical mechanics. In classical 

picture a particle confined by a potential barrier cannot 

overcome the barrier unless it aquires energy equal to or 

greater than that of the barrier. But in quantum mechanical 

picture, where a particle is described by its wave function 

and is not, strictly confined to the well, it has a finite 

probability of being found on the other ^side of the barrier 

also even though its energy may be less than the barrier 

height. If the wave function of the particle is extending 

out iside the region of potential barrier, then it has a 

finite probability of penetrating the barrier and escape, 

such a motion is known as tunneling. An impurity inside a 



solid or molecule may have two or more energetically 

identical equilibrium orientations, but different configu­

rations. In other words it may have two or more potential 

wells separated by potential barriers. Now if barrier 

height is very Kigh compared to k'l, the atom can not go to 

next Configuration without getting extra energy. But in 

quantum mechanical picture the overlapping of the wave 

function of the atom xn different wells leads to tunneling; 

i.e., the atom can penetrate the potential barrier and go to 

the next configur.ation. The resultant wave function of 

the atom will be time-dependent giving rise to a periodic 

motion of the atom among different equilibrium configurations 

In contrast to the thermally activated processes, this 

motion is temperature independent. The particle must be 

localized initially at least in one of the wells otherwise 

the term tunneling is not meaningful. Tunneling removes the 

original degeneracy of the ground state and splits it into 

a number of components. This will be discussed in detail 

in chapter II. 

The tunneling modes constitutes a special group 

of impurity modes having a number of interesting properties. 

Their frequencies are small compared to the Debye 

frequencies of the host whose density of phonon modes is 

very low in this frequency region. These impurity modes 

can therefore be coasidered separate?/ from the motional 
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states of the host which maizes tbeir theoretical[^ treatment 

particularly simple. 

Although tunneling modes are relatively weafciy 

• Coupled, to the host compared to the in-band impuri.tj modes 

(resonant modes) of higher frequencies, they are still 

pronounced phonon scatterers. Consequently they lend 

themselves to the study of phonon-defect interactions. 

Most of the paraelectric impurities in crystals have net 

electrical dipole moments and therefore are electrically 

polarizable. Hence the impurities behave liice a gas of 

electric dipoles. This fact allows the study of the dielectric 

properties of a gas without the limiting influence of 

condensation at low temperatures. The tunneling states can 

be considered as the electrical analogs to the magnetic 

spin states of impurities and therefore allows one to do a 

variety of experiments previously restricted to spin states. 

Analogous to cooling by adiabatic demagnetization, they 

show paraelectric cooling effect. 

The mixed crystals having dipolar impurities 

capable of performing tunneling motion, may show cooperative 

phenomenon, i.e., they may show an ordered state when the 

average dipole-dipule interaction energy exceeds the 

tunneling energy. This has been examined theoretically 

(Fischer and Klein 1976) but no experimental evidence on 

any system has been found. 
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These properties of tunneling states allow them 

to be investigated by a number of different techniques. 

They have been investigated by thermal conductivity 

ijeasurements, dielectric constant measurements, specific 

heat measurements, paraelectric resonance, paraelectric 

cooling, spectroscopic techniques, ultrasonic attenuation, 

NMR, resonant scattering of tunable phonons, microwave 

absorption techniques etc. These various techniques will be 

discussed briefly in chapter II. 

During several recent experiments on a number of 

alkali halide-impurity systems, it has been observed that 

for higher impurity concentrations interactions between 

impurity ions become important and modes due to pair of 

ions have been observed (Templeton and Clayman 1971, 

Becicer and Martin 1972, Moller et al 1970, De Souza and 

Luty 1973 etc). In case of polyatomic ions, the coupling 

of internal vibrations of different i ms may have a profound 

influence on the absorption spectrum. This may lead to 

asymmetric broadening of absorption bands and may give rise 

to extra features. Warayanamurti et al (1966) observed 

many broad bands near the "0.^ absorption band but they 

could not explain the origin of these lines properly. 

At relatively higher concentrations of the NOp" ions in 

KI, we have observed closely-spaced side bands on the low 

and high frequency siues of the main ^^ vibration whose 
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relative intensities are temperature independent. These 

side bands are interpreted as arising from electrostatic 

coupling of the transition dipole moments during v^ 

vibration of the nearby NOg" ions in KI, Several configu-

rdtions of the NOp" iono pairs and triplet clusters were 

detected and their mode frequencies were found in reasonable 

agreement calculated from a model of coupled harmonic 

oscillators where the coupling is provided by the electric 

dipolar interactions. From these studies we have estimated 

the magnitude of the transition dipole moment of the N02~ 

lonij during its v^ vibration in KI. 

Another aspect of our present worlc is.to study the 

temperature dependence of the gap mode of the NOr," ion 

in KI. The NO^" ion is preferred to the NOp" ion for such 

type of study because the NOg" ion.̂  in KI has larger 

tunneling probability whereas the NO^" ion in KI has large 

barrier heights for librational motion and hence for 

tunneling as suggested by Narayanamurti et al (1966). This 

is confirmed by the sharp features of the infrared absorption 

band arising due to internal vibrations of the NOg" ions 

in KI. So the gap mode due to the NOg" ions in KI are 

liicely to have broadening due to tunneling creating more 

complications. To avoid these complications, we have 

chosen Kl'.HO^" system for such study. 
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Introduction of impurities in ionic crystals 

destroys the periodicity of the lattice and this may modify 

the vibrational characteristics of the .host crysta,!. These 

imparities may induce non-propagating vibrational modes at 

frequencies where the normal lattice vibrations of the 

host crystal may not occur. These are called local modes 

if they occur at higher frequencies than the highest 

frequency phonon mode, gap modes if they occur in a 

forbidden gap between the acoustic and optical phonon 

branches and resonant or band modes if they fall within an 

allowed frequency band of lattice phonons. A study of all 

these localized modes of impurities in host lattice is 

an important means for investigating the interaction 

potential between the impurity and the host lattice as well 

as for better understanding of the properties of pure 

crystals themselves. 

Temperature dependent studies of the localized 

modes can provide useful information about the interactions 

between the local mode and lattice phonons. There have 

been numerous studies, both experimental and theoretical, 

on the temperature dependence of the width, position and 

intensities of local and resonant modes of several 

substitutional impurities in alkali halides using far-infrared 

absorption techniques as reviewed by -Barker and Sievers(l975). 

In contrast, hardly any temperature dependent measurements 
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on the infrared active gap modes have yet been possible. 

The reasonQ is that the difference band absorption of 'the 

host lattice dominates the spectral region near the gap 

and thus masks the impurity-induced absorption in the gap 

above around lOK, Although there are no phonons in the 

forbidden gap at very low temperatures, gap mode states 

due to the impurities appear whose eigen vectors involve^ 

the motion of nearest-neighbours along with it. It would 

be of considerable interest to study the temperature 

dependence of gap modes in a suitable system and see 

whether similar mechanisms can explain the temperature 

dependent effects for gap modes which have been so succssful 

for explaining these effects for local modes. 

In this part of the work we shall investigate the 

temperature dependence of the band-width and frequency shift 

of the gap mode of the NOj" ion in KI which appears at 

'̂ ^ 73 cm . Substitution of impurities in an otherwise 

perfect crystal changes its symmetry for the vibrational 

transitions. The symmetry of the molecular impurity is 

determined, besides by the symmetry of the molecule and the 

symmetry of the lattice site of the host crystal, also by 

the orientation of the molecular'axis relative to the 

crystal axes. In case of the NOg" ion with D̂ ^̂  symmetry 

substituted in KI, its three-fold axis coincides with the 

cube diagonal of the KI unit cell resulting in a C, site 

symmetry. The original triply degenerate gap mode in 0, 



symmetry s p l i t s into l^a'ncT^E'xomp'onents and induces two 

gap modes at 72.92 - 0.05 and 87.93 t o.05 cm""'" in the 

phonon gap of KI. Due to the ahharmonicity of the o s c i l l a t o r 

p o t e n t i a l , these gap modes may appear as side bands to the 

s t rong 'C^ i n t e r n a l v ib ra t ion of the NO^" ion in KI. These 

have been observed in the mid-infrared as sidebands(Metselaar 

et a l 1968) as well as in the f a r - i n f r a r e d absorpt ion 

d i r e c t l y (Eijnthoven 1970, Renk 1965). Prom an experimental 

point of view, i t i s a grea t advantage t h a t the gap modes 

can be observed as combination bands in the mid-infrared 

and are amenable fo r temperature v a r i a t i o n s tudies without 

any in te r fe rence from background absorp t ion . Moreover, the 

high r e so lu t ion a t t a i n a b l e in t h i s frequency region can 

allow observat ions of very small frequency sh i f t s and 

band-widths ra the r e a s i l y . 

The Vg fundamental v ib ra t ion (antisymmetric 
14 s t r e t c h ) of the n i t r a t e ion ( NO^") in KI gives r i s e to a 

_ i 
very strong and sharp band a t 1372.50 cm even a t room 

tempera ture . We have measured the temperature dependence 

of the band-width and centre frequency of the V^ fundamental 
15 -of the NOj isotope i n KI in na tura l abundance and of 

the combination band of the 73 cm gap mode with the -0^ 
14 -fundamental of the WO, isotope in KI. Prom these 

s tud i e s we have ext rac ted information about the temperature 
14 -dependence of the gap mode of the NO-, ion i n KI and 

X^̂  
V.^ 

.t>-
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results are discussed in light of anharraonic interactions 

between the gap mode and the host lattice phonons. 
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CHAPTER II 

2.1. {CHEORETICAL BACKGROUND AND VARIOJb MOUELS FOR 

TUNNELING STATES 

There has been a great deal of theoretical as well 

as experimental work on tunneling states of atoms and 

molecules in solids (Narayanamurti and Pohl 1970 and 

Barker and Sievers 1975). Various theoretical models have 

been developed in order to understand the tunneling states 

of atoms and molecules in solids. We shall review the 

models proposed by Hund (1927), Pauling (1930), Devonshire 

(1936) and Gomez et al (1967) which have been particularly 

useful for the understanding of the tunneling states. 

Hund (1927) described the tunneling of nitrogen atom in 

ammonia molecule with the help of double well harmonic 

oscillator. Thia model was later extended for tunneling of 

impurities in solids among multiwell potential wells by 

Gomez et al (1967) which is also known as GBK model. 

Pauling (1930) developed the model for tunneling of molecules 

capable of rotating in one plane and having two equivalent 

potential minima. In such a potential, the rotational 

states of the molecules are perturbed due to the possibility 

of tunneling. Later on, Devonshire (1936) calculated the 

effect of octahadral symmetry on the rotational states of a 

linear molecule. This is the generalization of the Paulin'r'b 

(1930) one dimensional model into three dimensional model. 



10 

Devonshire p o t e n t i a l i s a f u n c t i o n of the a n g u l a r c o o r d i n a t e s 

only and does not invo lve motion of the c e n t r e of mass of 

the i m p u r i t y . 

2 .2 HUND'S MODEL 

Application of the new quantum mechanics to the 

theory of molecular spectra by Hund (1927) lead to the 

following problem: the atoms in a polyatomic molecule can 

exist in configurations which are different but energetically 

identical. A well icnown example is that of sugar molecule 

which has two optical isomers. These two isomers are mirror 

images of each other and hence they have equal potential 

energy. Another example is that of ammonia molecule. The 

potential energy of nitrogen atom m ammonia is the same 

whether it is above the plane formed by the three hydrogen 

atoms or below it. Classically a flip over becomes very 

unlikely when the energy barrier separating the two confi­

gurations is very large compared to kT. In quantum mecha­

nical picture, the particle can penetrate the potential 

barrier and go to the next configuration. Hund (1927) 

studied such a problem for ammonia molecule where nitrogen 

atom is subjected to a two-well harmonic potential and has 

two equilibrium positions above and below the plane formed 

by the three hydrogen atoms. He found that the oscillatory 

states occur in pairs, the separation between the pairs is 

approximately ^co^, where 6o-g is the harmonic-oscillator 



ẑ  

frequency for the s ingle we l l . Each pa i r c o n s i s t s of a 

symmetric s t a t e of lower energy and an antisymmetric s t a t e 

of higher energy. The energy difference between these two 

s t a t e s is-fvij. where £j+ i s the tunnel ing frequency of the 

n i t rogen atom. Barker (1929) f i r s t suggested the existence 

of t u n n e l i n g - s p l i t t i n g in gaseous ammonia. Cleeton and 

vVilliam (1934) measured d i r e c t l y the tunnel s p l i t t i n g in the 

molecule through microwave absorption, experimental ly for 

the f i r s t t ime. This proved the cor rec tness of Hund's 

p r ed i c t i on . Therefore, the work by Hund represen t s the 

f i r s t instance of the pene t ra t ion of p o t e n t i a l b a r r i e r 

by a p a r t i c l e , 

For a double well harmonic o s c i l l a t o r , the tunneling 

frequency co. between the lowest two s t a t e s i s given, to a 

very good approximation, by (Merzbacher, 1970). 

CO - ^ ^ t r 2 . 0 , 
Vz 

exp zv^ 
^CD 

E J 
(^•1> 

Because of the exponential form of equation 2.1, if the 

barrier height V )> fitog, Ci ^ depends critically on the 

ratio of barrier height to oscillator energy ^ a ) ^ . For a 

typical ̂ o-g = 0.1 eV(lQOO cm ), the tunneling period 

varied between 10 sec and 10 years if o varied 

E 
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iDetween 10 and 70. Consequently, a modest barrier height Y^ 

of few electron volts could produce an essentially 

infinitely stable molecule. 

2.3 'TUMBLING- UF IMPURITIES IN S0LIJ3S ABJ) PAULING'S MOLLL 

The rotational states of free molecules are modified 

when they crystallize into a lattice. This effect was 

first studied by Pauling (1930). He approximated the crystal 

field as seen by a molecule by cosine potential of the form 

V = V^ (1-Cos 2 e ) ..(2.2) 

where & is the angular coordinate for rotation occuring in 

one plane, 2V is the barrier height. The potential has 

two minima as shown in the figure 2,1. The Schrodinger 

equation obtained for such a potential is called Mathew 

equation. The energies for a free rotor are given by 

W J = BJ(J+1) .,. (2.3) 

where J i s the angu la r momentum quantum number and B i s the 

r o t a t i o n a l c o n s t a n t g iven by 

B = ^ . , ( 2 . 4 ) 

Here I is the moment of inertia of the molecule about the 

axis of rotation. As barrier height increases, the free 

rotor states, particularly the ones with energies below the 

barrier height 2V , are perturbed. These states are better 
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described as states of angular oscillations and in order to 

distinguish them from the oscillator states of internal 

molecular vibrations, they are called librational states. 

These librational states form pairs, and the energy splitting 

within each pair is the tunnel splitting. The states near 

the top of the barrier are called hindered rotor states as 

shown in figure 2.1. The states near the bottom of the 

potential wells are very similar in the model of Hund and 

Pauling except that the spacial coordinate is translation 

in the one and rotational in the other case. The difference 

between the two models becomes apparent only for states near 

and above the top of the barrier. In Hund's case, these 

states are oscillator states whereas in Pauling's case they 

are rotor states, 

2.4 DEVONSHIRE MODEL 

Devonshire model (1936) is the extension of Pauling's 

model to three dimensions. He calculated the effect of a 

crystalline field of octahedral symmetry on rotational 

states of a linear molecule when substituted in a crystal 

lattice. For this, he chose a potential of the form of the 

lowest order surface harmonics having octahedral symmetry 

which is of degree four. The Devonshire potential can be 

written as: 

Vn..(©.*)^-K 
r. . 4- . ,1 

Oev V 
pVcose) + ,-^p;(co5e)cos4^ 
4^ ' 16P '4 
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where 

P > ) = 172^(1-^ 'V 
rr-j 1^ d 

14-m 

?• H Î 'n ( ^ - I ) (Z-6) 

The expression for n̂g-yCOj ̂  ) can also be written as 

A , 

• • • ( E - 7 ) 

where © and cb are polar coordinates and K i s the po t en t i a l 

b a r r i e r parameter. For K p o s i t i v e , V has s ix minima, 

equal to -K, in the d i r e c t i o n s 

which correspond to six \lQoy d i r ec t ions in the cubic 
2 c r y s t a l . I t has e ight maxima, equal to rr K, which occur in 

the following d i r ec t ions 

. - \ 0^CO£^^[±(i//^)] ^ : r ± i - T r or±^iT 

Such a p o t e n t i a l can be used i f the molecule has equil ibrium 

o r j en t a t ion point ing along the 0 0 0 / d i r e c t i o n of a cubic 

c r y s t a l . For K negative the maxima and minima are inver ted , 

file:///lQoy
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i.e., we get eight minima and six maxima and this potential 

may be used if the molecule has equilibrium orientation 

along the eight <fIlly directions. 

If V=0, which corresponds to the case of free 

rotation, the solutions are the surface harmonics and are 

degenerate, but under the influence of octahedral symmetry, 

the degenracy is partly removed, and they split up. The 

eigen values of the Schrodinger equation for a molecule of 

rotational constant B in such a potential are shown in 

figure 2,2, as computed by Devonshire (1936) and later on 

by Sauer (1966). With increasing JKJ , the energies in 

figure 2.2 change from those of the free rotor to those 

of a librator, librating in six or eight wells respectively. 

In the limit of large K, the low lying librator states can 

also be calculated by starting from the wavefunctions 

describing the libration of the particle confined to one of 

the potential wells assumed to be harmonic. The tunnel 

splitting is then caused by the overlap of these localized 

wavefunctions. We have seen that the potential function 

used by Devonshire can account for impurities which have 

minima in the <̂ 100)> or <̂ lll)> directions. This potential 

function does not have minima in the <^110\ directions. 

Later on, this model was extended by Sauer il967) and was 

applied to the KCl : NOg" system but it was unable to account 

for the experimental data satisfactorily. Beyler (1972) 
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extended t h i s model by i n c l u d i n g h i g h e r o r d e r s p h e r i c a l 

harmonics i n the expansion of p o t e n t i a l f u n c t i o n which 

p r e d i c t e d minima i n t h e / l l O ) d i r e c t i o n s but i t was not 

a p p l i e d t o any sys tem. Another shor tcoming of app ly ing the 

Devonshire model i n i t s p r e s e n t form to the t u n n e l i n g of 

p o i n t mass or o f f - c e n t r e i ons i s t h a t t u n n e l i n g through the 

c e n t r e of t he u n i t c e l l i s not a l lowed . I t i s p o s s i b l e t h a t 

a d i p o l a r molecule such as 0H~, CN~ or NOp" might have 

more deg rees of freedom than the Devonshire model can 

account f o r . The problem becomes more complex i f such a 

molecule i s f r e e t o move i n a p o t e n t i a l which i s a f u n c t i o n 

no t only of o r i e n t a t i o n , but a l s o of c e n t r e of mass 

coordinai jes of the i o n . 

2 . 5 GOMEZ BOCEN AND KRUllfflANSL (GBK) MODEL 

The GBK model assumes t h a t a p o i n t mass i s sub jec t ed 

t o a p o t e n t i a l produced by the c r y s t a l l i n e f i e l d of the 

h o s t l a t t i c e hav ing xoinima a t v a r i o u s p o i n t s . For an 

i m p u r i t y s u b s t i t u t e d i n a c r y s t a l l a t t i c e i t s Hami l ton ian 

can be exp res sed as : 

H = H-̂  + H J + HQ . . ( 2 . 8 ) 

where H-r is the defect-lattice Hamiltonian. This can be 

obtained by collecting all the kinetic energy terms of the 

host lattice and all terms of the potential in the small-

oscillation approximation which are independent of the 
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impurity. H-̂  is the impurity Hamiltonian and Ĥ-, is the 

coupling term. The term H^ is derived from that part of the 

total potential energy V-̂ j which involves both the impurity 

and the host coordinates. V,j is expanded in terms of the 

displacement coordinates of the host ions, but not with respe'jt 

to the impurity coordinates. Coefficient in this expansion 

are explicit functions of impurity coordinates -̂̂ v.. The 

expansion for V-ĵj can be written as: 

V,̂  - V^J^(iR(l.K}],r.^,p) + 

E ^-HK^^'^^'^^^^^'^'^P^^Oiim "'(Z.9) 

Here | R ( 1 , K ) J i nd ica t e s eva lua t ion at the equil ibr ium 

pos i t ions of the h o s t - l a t t i c e ions , U^ ( l ,K) i s the CLth 

component of the (l ,K) h o s t - l a t t i c e ion displacement. The 

f i r s t term i n t h i s expansion be long to impurity Hamiltonian 

and i s due to defect l a t t i c e . The r e s t . O ^ i ^ c o n s t i t u t e the 

coupling term HQ. Therefore the impurity Hamiltonian can be 

wr i t t en as; 

Hj = T̂  + \j_\ {R(1,K)} , r . ^p) . . (2.10) 
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VTJ ^̂  is the multiwell potential in which the impurity 

ion moves. The eigen states of Hj are determined in the 

approximation of a linear combination of atomic orbitals 

(ICIO) for the lowest energy multiplets. 

The important features of the low lying vibrational 

states associated with the off-centred ions can be better 

understood with the help of a simple one-dimensional model 

m which tunneling between two wells is considered. The 

impurity is assumed to move in a double well truncated 

harmonic oscillator potential as shown in figure 2.3. The 

potential can be expressed as; 

V -
^ V D C O ^ C x ^ x / . X > 0 ... (̂ .ll) 

where 2x is the separation between the two minima positions, o 

m is the mass and Co = 2'^ \> is the frequency of the 

particle in the single well and the rest of the lattice is 

assumed to be rigid. The lowest states can be expressed 

as linear combinations of the ground state wavefunctions 

|-a^and I by of the unperturbed harmonic oscillator in 

the two wells respectively. The energies are determined by 

the secular equation 

E^ - E ^ - SE 

<S - SE E - E 
o 

= 0 .. (2.12) 
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where E =<^a|H]a)= <b|H|b), (5=<(a|H|l3̂  and S = <^a|b) . 

There are two solutions for E corresponding to symmetric 

and antisymmetric states. 

E^ = (E^ t 6)/(l t S) ... (2.13) 

If the barrier between the wells is large compared to zero 

point energy, then S <(_<̂  1. Then we get 

+ 
• \ ^ -EQ - 6 ... (2.14) 

2 
1 m CO X-

where ^ = -h cj x (mW/TT ̂  )^ exp(- v̂  ) -- (2.15) 

Gomez et al (1967) have generalized this model to the three 

dimensional problem. For the cubic symmetry of the environ­

ment, there are three types of multiwell potentials which 

are consistent with the octahedral symmetry. These are 

having: (l) six minima along the six \100^ axes (XYg), 

(2) eight minima along the eight \111^ axes (XYQ) and (3) 

twelve minima along the twelve \110/ axes (XY^p). Schematic 

models for these three tjrpes of potential are shown in 

the figure 2.4. Each well by itself corresponds to a three 

dimensional harmonic oscillator. A given well can be 

described by certain parameters such as frequency and well 

location r . These model parameters may be determined 

either by comparison with experiment or by adjusting the 

parameters to approximate a theoretical potential calculated 
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from first principles. For the calculation of the low lying 

states the model potential can be adjusted to the theoretical 

one by letting them have the same minima positions and the 

same curvatures at the bottom of the wells. There is no 

reason to suppose that the off-centre wells should be 

isotropic or even to require that they should have inversion 

symmetry about their minimum positions. 

If the wells were infinitely deep then the indivi­

dual well eigen states would represent the eigen states of 

the off-centre ion and there would be 6-, 8- or 12-fold 

degeneracy as the case may be. These individual states 

are called pocicet states. But when the wells are not 

infinitely deep, i.e., when tunneling probability is higher, 

the actual states of the system will be linear combinations 

of the pocicet states. The energy levels of the lowest 

lying multiplet are found from the correct linear combination 

of the pocket states. For the ground state splitting the 

basis states (pocket states) are normalized simple harmonic 

oscillator ground state wavefunctions centred at each 

well minima. The labelling of the basis states for the 

XYg, XYg and XY^g wells are shown in the figure 2.4. The 

important feature of the three dimensional case is that 

more energy levels occur than for the one-dimensional case. 

This model is usually referred to as the 'GBK' model. 

The Correct linear combinations of the pocket states for 

each of these models are easily determined by group theoretical 
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methods. The wave functions must transform according to the 

i r r educ ib l e r epresen ta t ions of the 0, group. The wave 

functions for each i r r educ ib l e represen ta t ion are used to 

evaluate the energies of t ha t eigen s t a t e . The wave functions 

and energies for the XY ,̂ XYo and XY p̂ cases are given below. 

Wavefunctions and energies for the XY^ model: 

y (A^g) = [6(1 + 4 S + S ) ] ^ ( a + b + c + d + e + f ) 

^ (T^^) = [2(1 - S ' ) ] ' 2 (a - c) 

1 
yi^^J = [2(1 - S )]-2 (b - d) 

r ( T i ^ ) = [2(1 r S')]" I (e - f ) 

1 
f (E,) = (12(1 - 2S + S)]" 2 (a + b + c + d -2e -2f) 

1 
y(Eg) = [4(1 - 2S + S)]"2 (a - b + c - d) 

^ ^hg^ = (^o + H + ̂  ^/^^ + 4S + S' ) 

^ (^lu) = ( \ - ^ ) / l - S' ) 

E (Eg) = (E^ - 2rj + /1 ) / ( l - 2S + S') 

where E^ = <a |HJ^ = < b | H | ^ = •. -

h = <a|Htc>= <e{H|f> = . . . 

S = <a |b> = <b)c> = 

S' = <a | c> = <b|d> = . - • 
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T) and U are the matrix elements, S and S are the oTerlaps. 

H is the impurity Hamiltonian. |a). , jt* )>, I °)> » l"̂)*;!®̂  ' 

jf)>, |g\ and ih\ are the pocket states. Labeling of the 

pocket states for the XY„ model are shovm in the figure 2.4(A). 

Wave 

V (\^ 
% <^la 

\ (^lu 

^ ( ^ l u 

V ^ s 
X^^'^^ 
X}^2, 

Y(^2u 

E (A,„ 

E (T 

E (T 

E (A, 

l u 

2g 

•2u 

f u n c t i o n s and e n e r g i e s f o r the XYg model: 

/K 

- [ 8 ( 1 + 3S + 3S'+ d ) ] (a + b + c +d +e + f + g + h)] 

= [8(1 + S - S' - S*)J"''^[ a + b + e + f ) - (d + c + g +h)j 

a + d + e + hjj 

e + f + g + h)) 

a + d + f + g)] 

c + d + e + f)] 

a + c + g + e)] 

a + c + f + h) | 

= [8 (1 + S - S ' - S'')] |(b + c + f + g ) -

= [8(1 + S - s ' - . s " ) ] ' ^^ ( ( a + b + -c + d ) -

= [8(1 - S - S'+ S")] [(b + c + e + h ) -

= [ 8 ( 1 - S - S'+ S")] '^[(a + b + g + h ) -

= [ 8 ( 1 - S - S'+ S 'O] [(b + d + f + h-)-

= [ 8 ( 1 - 3S + 3 S ' - S ' ' ) ] Rb + d + e + g ) -

= (E^ + 3 r | + 3|k + i ; ) / ( l + 3S + 3 S % S*'' 

= (E^ +r^. f^ ^ 1) ) / ( l + S - S ' - S^) 

= (E^ -?2 - ^ + i ; ) / ( l _ S _ S'+ Ŝ O 

= (E^ - 37^+ d/k -0 ) / ( l - 3S + 3 S ^ - S'*) 

^1^ , A: and V a r e ma t r i x e l emen t s and S, S'' and s'^ a re t v e r l a p s 
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T| = <a|H|b> = <t)|H|c> = 

(t = <alHj3> = <a|H|h> = 

i; = <a!H|^ = 4|H|h> = 

s = <a|b)> = (y^\cy = 

s ' = <(a|c> = < a | h > = 

S''= < a | g > = <1)|h> = 

The f i g u r e 2 ,4 (B) shows t h e l a b e l i n g of t h e pocicet s t a t e s 

f o r the XYg model . 

Wavefunctions and e n e r g i e s f o r the XY.p model: 

^ (A^ ) = [12(1 + 4S + 2S'+ 43"+ S'"' )] ( a + b + c + d + ( 

+ f + g + h + k + l + m + n ) 

V (E ) = 124(1 - 2S + 2 S ' - 2S'̂ + s'")l [ ( a + b + c + d + n 

+ k + 1 + m - 2 ( e + f + g + h ) ] 

V (Eg) = [ 8 ( 1 - 2S + 2 S ' - 2S''+ S'")| ^(a + b + c + d) - (n + 

k + 1 +• m )j 

-'/I 
Y (T-m) = [ 8 ( 1 + 2S - 2 S ' - S'")| [(a + b 4- k + n) - (c + d 

f 1 -r m)] 

r'/? 
V "^lu^ "̂  1^^^ + 23 - 2 3 " - S'")] [va + d 1- e + h) - (b + c + 

f + S )] 
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-t/2 

1p (T^^) = [8(1 + 2S - BS"- S'")] j(g + h + m + n) - (e + f 

(+k + 1 ) 

^ (T2g) = [4(1 - 2S'+ S ^ ' g ' ^ g a + c - ID - d)] 

\ (Tgg) = [4(1 - 2S'+ S"* )j'^^|( h + f - e - g)] 

- ^ ('̂ ^2g) = & ( 1 - 2S'+ S"' )] ' '^ ' |r n + 1 - m. lc)J 
-112 

X ^^2u^ = C®^̂  - 2S*+ 2 3 " - S*̂  [e + f + n + m) - (h + g + 
ic + D ] 

-J/i -
V (Tg^) = [ 8 ( 1 - 23 + 2 3 " - S'"! gb + c + e + h ) - ( d + a + 

g + f )] 

-1/2 
^ ( T g ^ ) = J8( l - 23'+ 2 S ' - S")\ gc + d + n + l c ) - ( b + a + 

m + 1 ) ] > 

E(A^g) = (E^ + 47| + 2 / i+ 41)+ cr ) / ( l + 43 + 2S'+ 4S"+ 3 ' " ) 

E(E ) = (E^ - 2r^+ 2 ( ^ - 2 i ; + c r ) / ( l - 2 3 + 2 3 ' - 2S"+ s'" ) 

E(T^^) = (E^ + 2)] - 2 2 ^ - ^ ) / ( l + 23 - 2 3 " - 3'") 

E(T2g) = (E^ - 2fi+ <r ) / ( l - 23'+ iŜ '̂  ) 

E(T2^) = (E^ - 2? |+ 2V - c r ) / ( l - 23 + 2s" - s ' " ) 

V f f-C f I? f ^^^ c r are matrix elements and 3, s' , s" , and 

s'''overlaps. 

^0 =4lH|a> = <blHJb> = . . -

?| =<^|H|n> = <aiH[ic> = • • • 

^ = ^ | H j ^ = <^|H l(^ = . ^ , 

V =<atH|g> = <alHlf> = - . -
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cr =<alH!c;> = <^|H|d> = . • ' 

S =4ln> = 4 1 ^ = • ' • 

S' = < ^ | ^ = <a l (^ = . . . 

s" =4ig;> = <at^ = . . -

S"' =<a|c> = <h\^ = . . -

The labeling of the pocket states for the ^Y 2̂ ^̂ o"̂ !̂ i^ 

shown in the figure 2.4 (G ) 

In al l these cases the matrix elements are negative 

quantities. An interesting physical significance can be 

associated with the overlap integrals and the tunnel-splitting 

matrix elements. Por the XYo model, for instance, the 

overlap integrals S, Ŝ and s", and the tunnel-splitting 

matrix elements r] , ft , and i) are characterized by the 

location of the two basis states in each matrix elements. 

S and 71 represent overlap and tunneling along the cube edges. 

S and jL{ representQ overlap and tunneling across the cube 

faces. S and i? represent overlap and tunneling through the 

cube along a body diagonal. The expressions for wavefunctionf 

and energies are completely independent of the actual shape 

of the potential function and depend only on the XYg, XYg, 

or ^Y p̂ symmetry of the Hamiltonian, provided the basis 

functions, (a^ , lb)> |̂ĉ , etc. , are chosen properly. The 

basis states must be complê :e in the sense that the tunneling 

states can be represented by linear combinations of the basis 

states. This conditi on i s 3 een to be easily satisfied in 



36 

the case of wells where the overlap integrals are small. 

The basis states, a, h, c, etc., can be taicen to be the 

ground-state wavefunctions found for the individual wells 

as if they were isolated. The tunneling may be calculated 

for some simple types of potentials such as harmonic 

oscillator potentials. 

The relative magnitude of the ir&trix elements 

depends on the nature of tunneling motion performed by 

the impurity ion. The dependence of the matrix elements 

on the well separation 2x and barrier height V can be 

seen from the one dimensional double well model (equa­

tion 2.15). It has an exponential dependence of the form 

/ m W Xo \ , o \ / . exp ( -^ ) or exp ( - —^J-^ ) (since 
1 2 2 

V^ = ̂  m x^ a; for x = 0 from equation 2.11). For large 

well separation or large barrier height-the matrix elements 

will be small. 

Referring to the XY„ model once again, one can see 

that if ion tunnels along the cube edge, the 'tunneling 

parameter in will be large. In case of tunneling along a 

face diagonal, ̂  will be large, and for tunneling through 

the body diagonal t? will be large. Conclusions about the 

relative magnitude of tunneling parameters can be drawn 

if the spacing of the energy levels are icnown accurately. 

The wavefunctions in GBK model are found by the 

linear combinations of the basis states which are supposed 
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to be complete, i.e., they should be independent ot each 

other. This condition can be satisfied only when the 

overlap integrals are very small which can be obtained for 

large barrier heights. So, the GBK model is basically 

applicable for larger barrier heights compared to the 

energy of the oscillator. For large barrier height limit, 

the energy levels are determined by the matrix elements 

found in the numerators of the expressions for energies, 

since the overlap integrals can be neglected. 

Dreyfus (1969) has correlated the Devonshire model 

and the ,GBK model for lowest level structure observed for 

impurities substituted in crystals. The GBK model is 

applicable to large and to some extent to medium potential 

barriers whereas the Devonshire model is applicable to 

small and medium potential barriers. Another difference is 

that the parabolic curve utilized in the GBK model- has a 

cusp halfway between the potential minima, while the 

Devonshire model utilizes a potential which has a saddle 

point in the same position. In the Devonshire model, the 

rotating molecule is constrained to lie on a sphere, 

whereas, in the GBK model, the ion tunnels through the 

barrier by the shortest path. Despite the above differences, 

this correlation method gives satisfactory results. 

In GBK model the tunnel splitting can be expressed 

in terms of the matrix elements. If the moment of inertia I 

for rotation of the ion about the lattice site and its 
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librational frequency 'CO about the lattice site are known 

then the matrix elements can he expressed in terms of I and 

(_^ . GD can be related to the barrier parameter K from 

the Devonshire model. The tunnel splitting can b.e predicted 

if K or aj> is known or from the known tunnel splitting, 

the libration frequency or potential barrier parameter K 

can be calculated. Since Devonshire has solved only for the 

<^00^ and \llly models, the relationship between CJ and K 

is not easy to establish for the <;̂ llo\ model. This method 

was applied by Dreyfus (1969) for the KCl : Li system. 

Recently it has been applied for the calculation of barrier 

heights for the reorientation of the ON" ion in KCl and 

KBr matrices (Verma 1980). 

For an impurity substituted in a crystal lattice 

it is very likely that the impurity will distort the lattice 

in its initial position. An impurity capable of performing 

tunneling motion when reorients, the distortion also changes 

and follows the impurity motion. This effect modifies the 

tunneling matrix elements. The matrix elements given by the 

GBK model are only the effective matrix elements. For some 

systems (eg. the Ag ion in RbCl and RbBr, Kapphan and 

Luty 197E) it was found that the nearest-neighbour tunneling 

is not important. The reason for this may be .the Q^ large 

distortion of the lattice around the impurity ion which 

may not be able to follow the nearest-neighbour tunneling 

motion. Therefore this effect should be taken into account 

file:///llly
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in treating the tunneling of imparities in crystals and 

the tunneling matrix elements must he renormalized. Shore 

and Sander (1975) have discussed this effect and they could 

explain the dominance ofthe 90° tunneling over the 60° 

tunneling of the \110^ oriented Ag"*" ions in RbCl and RbBr 

crystals (Kapphan and Luty 1972). 

2.6 VARIOUS EXPERIMENTAL TECHNIQUES USED FOR STUDYING 

TUNNELING STATES. 

Impurities in crystals capable of performing 

tunneling motion produce states of definite energy. These 

states may scatter phonons resonantly if their energies 

match with that of the tunneling states. A study of this 

scattering may provide information- about the tunneling 

states. A convenient method of studying this scattering is 

to measure the phonon or lattice thermal conductivity at 

low temperatures. The scattering of phonons by the tunneling 

states causes a depression in the thermal conductivity at 

temperatures around rr where •̂>. is the frequency 

of the tunneling state. The selective phonon scattering 

suggests the existance of discrete states which are coupled 

to the phonons and hence scatter them resonantly. These 

discrete states may be due to tunneling or other types of 

modes which couple to the lattice phonons. Therefore the 

measurement of low temperature thermal conductivity can 
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reveal the existance of tunneling states. In contrast to 

optical spectroscopy, the phonon spectroscopy via thermal 

conductivity is a broad band technique. It cannot resolve 

different resonant states if they are closely spaced. 

The tunneling .states can be observed in the far-

infrared absorption along with resonant modes. In the absence 

of 'tunneling, the resonant modes due to imparities in 

crystals will not show broadening or additional absorption 

peaics near them, but in the presence of tunneling broadening 

or splitting of the original absorption peaks due to resonance 

modes may occur. Since the resonant modes are strong scat-

terer of phonons, they are thermally broadened and may 

show broad absorption peaks with tunneling levels hidden 

within them. Therefore, even with high instrumental resolution, 

it may not be possible to resolve them in distinct peaks 

so easily. 

In mid-infrared absorption region tunneling states 

can be seen as side bands to the internal vibrations of the 

molecular impurities. Monatomic impurities cannot be 

studied by this method because they do not have internal 

vibrations. Internal vibrations of molecular impurities/fall 

far beyond the lattice vibration region and hence they 

couple very weakly to the lattice phonons and have negli­

gible broadening due to scattering of phonons. Therefore, 

closely*spaced tunneling levels may be possible to resolve 

generally 
ies/ fa" •" 
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with the high resolution attainable in this region. 

The tunneling behaviour of dipolar impurities can 

be studied by a method analogous to electron paramagnetic 

resonance (KPR). The microwave spectroscopy of such impuri­

ties has Come to be known as "Parae lee trie resonance (PER)'\ 

The dipolar impurities are paraelectric in nature. In a 

PER experiment, electric field is applied to a sample 

containing paraelectric impurity and absorption of microwave 

radiation of fixed frequency is observed as a function of 

applied electric field. The analogy with paramagnetic 

resonance is obvious. Effect of electric field on para­

electric molecular impurities can also be studied in the 

mid-infrared or near-infrared absorption, i.e., in the internal 

vibration region of molecular impurities. 

Paraelectric impurities capable of aligning them­

selves by tunneling can produce cooling effect by adiabatic 

depolarization method similar to the adiabatic demagneti­

zation of magnetic spins. This effect is known as paraelectric 

cooling. Paraelectric cooling is a very sensitive test for 

establishing the existance of tunneling states of atomic 

and molecular impurities in solids. 

U'sing optical and IR absorption techniques the 

effect of uniaxial stress on tunneling states has been 

studied. The application of stress makes the equivalent 

potential wells unequal^ and thus causing drastic changes in 



42 

the s t ruc tu re of tunneling l eve l s and sometimes s p l i t t i n g 

them f u r t h e r . This effect can be observed in the f a r - in f r a red , 

mid-infrared, near - in f ra red , v i s i b l e and UV absorpt ion e t c . 

Tunneling s t a t e s can be d i r e c t l y measured by r e so ­

nant s c a t t e r i n g of tunable monochromatic phonons, generated 

by superconducting tunnel junc t ion . Eisenmenger and Dayen 

(1967) used a symmetric superconducting tunnel junct ion as 

a source of monochromatic phonons in the range above 100 GHz. 

The phonons o r ig ina te "on recombination of q u a s i p a r t i c l e s 

which are exci ted in the junct ion by s i n g l e - p a r t i c l e 

tunnel ing. The recombination process produces phonons at a 

f ixed frequency equal to the energy gap of the superconductor. 

Narayanamurti and Dynes (1971) attempted to tune the energy 

gap using a magnetic f i e l d but i t broadened the spectrum of 

emitted phonons. Later on Kinder (1972) using phonon 

bremsstrahlung of a superconducting tunnel junct ion produced 

monochromatic phonons which can be tuned simply by adjust ing 

the ba t t e ry vo l t age . This was used to study the tunnel 

s p l i t t i n g due to the OH" ions i n NaCl (Windheim and Kinder 

1975) and the CN~ ion in KCl (Windheim 1976). 

Apart from these , tunnel ing p rope r t i e s of d ipolar 

impur i t i e s have been studied by the d i e l e c t r i c constant 

measurements, speci f ic heat measurements, NMR, u l t rasonic 

a t t enua t ion measurements e t c . 
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2 . 7 TUNi^LIWG STATES OF VARIOUS MOIUTOMIC AiVD MOLiiCULAR 

liVlPaRITIES IN ALKALI HALIIlES. 

The Li"^ doped KCl i s t h e mos t e x t e n s i v e l y s t u d i e d 

s y s t e m . I t was Lombardo and P o h l (1965) who o b s e r v e d an 

e l e c t r o c a l o r i c e f f e c t i n t h e KCl : L i s y s t e m which s u g g e s ­

t e d t h a t t h e Li"*" i o n i n KCl p e r f o r m s t u n n e l i n g m o t i o n s . 

l o m b a r d o and P o h l (1965) and Sack and M o r i a r t y (1965) 

s u g g e s t e d t h a t t h e L i i o n m i g h t n o t be s t a b l e a t t h e 

no rma l l a t t i c e s i t e and m i g h t t a k e o f f - c e n t r e p o s i t i o n . 

T h i s h y p o t h e s i s was -confirmed by N a r a y a n a m u r t i and P o h l 

( 1 9 7 0 ) . D i e n s e t a l ( 1 9 6 6 ) , ffilson e t a i ( 1967) and Q u i g l e y 

and Das ( 1 9 6 9 ) i n d i c a t e d an o f f - c e n t r e d p o s i t i o n f o r t h e 

L i i o n i n KCl a l o n g t h e [^lUl d i r e c t i o n . 

Mat thew (1965) showed q u a l i t a t i v e l y t h a t when a 

s m a l l i o n l i k e t h e L i i o n r e p l a c e s a l a r g e h o s t i o n i n an 

a l k a l i h a l i d e (KCl) t h e i n d u c e d e l e c t r i c d i p o l e i n t e r a c t i o n 

t o g e t h e r w i t h t h e d e c r e a s e d r e p u l s i v e f o r c e s c o u l d c a u s e 

h i g h l y a s y m m e t r i c e q u i l i b r i u m c o n f i g u r a t i o n f o r t h e L i 

i o n i n t h e l a t t i c e . The a c t u a l p o s i t i o n of t h e i o n w i l l 

depend upon a d e l i c a t e b a l a n c e of r e p u l s i v e and p o l a r i ­

z a t i o n e n e r g i e s . A l a r g e r e p u l s i v e i n t e r a c t i o n would t e n d t o 

k e e p t h e i o n i n ' p l a c e w h i l e a h i g h p o l a r i z a b i l i t y would 

t e n d t o move i t off t h e normal l a t t i c e s i t e . 

S t r e s s - i n d u c e d q u a d r u p o l e s p l i t t i n g of NMR s i g n a l 

due t o t h e L i i o n doped i n KCl by Alderman and C o t t s (1970) 
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and electric field induced quadrupole splitting of the 

'̂ Li M R signal are in agreement with the [lllj tunneling 

model of Gomez et al (1967) with eight equivalent off-centre 

potential minima. From stress effects in the paraelectric 

resonance spectrum (Larson and Silsbee 1972) and Kirby et al 

(1970) from far-infrared absorption spectrum of the Li 
7 

and Li in KGl for applied electric fields found that the 

tunneling levels are well described by the model of Gomez 

et al (1967). Hetzler and >Valton (1970, 1973a, 1973b) 

have measured the energy spacing of the four-level tunneling 

multiplet with a phonon spectrometer and found unequal 

spacings. They concluded that this is due to the presence 

of body diagonal tunneling in addition to the nearest-

neighbour tunneling where as earlier workers considered 

only nearest-neighbour tunneling. 

The NaBr;F" system: The WaBr crystal doped with F~ ions 

was studied by Rollefson (1972) using specific heat, 

paraelectric cooling, thermal conductivity and dielectric 

relaxation measurements. From the measurements of the 

dielectric constant under applied stress they concluded 

that the fluorine ion tunnels' between the potential minima 

displaced from lattice site in the \llOy directions. The 

low temperature specific heat contribution is found to be 

much broader in temperature than that given by the GBK 

model (Gomez et al 1967). In addition the relaxation rate 

file:///llOy
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of the impari ty ion i n NaBr i s much slower than what had 

been observed i n the KCl : Li^ system (Narayanamurti and 

' Pohl 1970). Thus NaBr:P" represen t s a tunneling system in 

the l imi t of small tunneling p robab i l i t y while the KCl:Li . 

i s c h a r a c t e r i s t i c of a system with large tunneling 

p r o b a b i l i t y . 

The RbCl; Ag"*" system; Drybodt and Pussgaenger (1966) f i r s t 

suggested tha t the Ag impuri ty in RbCl could be d i s ­

placed from the normal l a t t i c e s i t e . They concluded t h i s 

from t h e i r temperature dependent s tudies on the Ag UV 

absorpt ion band in RbCl, Nolt (1967) measured the infrared 

absorpt ion sp^-ctrum of the RbCl^Ag system and observed 

s t ress- induced dichroism, which were cons i s t en t with an 

off-centred Ag defec t . P a r a e l e c t r i c cooling was f i r s t 

observed in the RbCl:Ag by Kapphan and Luty (1968). They 

concluded tha t the defect was displaced along the [^lllj 

d i r e c t i o n . Bridges (1972) observed the p a r a e l e c t r i c 

resonance spectrum and found tha t the t u n n e l - s p l i t t i n g 
-1 was very small x̂̂  0.1 cm . The f a r - i n f r a r ed dichroism 

associated with the s t r e s s and e l e c t r i c f i e l d s were 

studied and analysed by Kirby e t a l (1970) and found to be 

compatible with the displacement of the defect along the 

[lio] d i r e c t i o n . They found t h a t the system can be. understood 

in terms of the c l a s s i c a l l im i t of G-BK model. Kapphan and 

Luty (1972) have studied the de ta i l ed dynamics of the Ag 
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defect in RbCl and RbBr using the electrodichroism in UV 

absorption region. Their results lead to the [lioj oriented 

dipoles for Ag"*" in both the systems. Electrodichroism 

experiments showed the exisf̂ n̂ce of two relaxation processes 

whose relaxation rates differed by several orders of 

magnitude. This complex relaxation behaviour suggested that 

the next nearest-neighbour tunneling dominates over the 

nearest-neighbour tunneling. 

The 0H~ ion in alkali halides : Klein (1961) observed 

unusual decrease in the thermal conductivity of the NaCl 

crystals at very low temperatures. He attributed this to 

the OH"" impurities in NaCl which scatter the lattice phonons, 

He attempted to explain the strong phonon scattering as a result o. 

resonance interaction with some rotational tunneling states 

of the molecular impurity. Brugger and Mason (1961) and 

Brugger et al (1967) observed attenuation of ultra sound 

in KCl and NaCl due to the 0H~ ions and explained this 

due to reorientation of the impurity ion via a relaxation 

process. Observation of electrocaloric effect (Kunh and 

luty 1965, Shepherd and Peher 1965) and measurements of 

electric field (Kuhn and Luty 1964) and stress-induced 

dichroism of UV absorption in several OH" doped alkali 

halides (Hartel and Luty 1965) gave the direct evidence 

of the high rotational mobility of the 0H~ ions at low 

temperatures. These measurements further showed that the OH" 
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ion has s ix equil ibr ium o r i e n t a t i o n s point ing along the 

s ix <floq) d i r e c t i o n s . Luty (1974a) measured the effect of 

e l e c t r i c f i e l d on the v i b r a t i o n a l absorption of the KCl 

c r y s t a l s doped with OH" ions and t h e i r r e s u l t s were cons i s ­

t en t with the <̂ 100)> d ipolar model. The f i r s t d i r e c t evidence 

for the tunneling s t a t e s of the OH" ion was obtained from 

measurements of the paraelee t r i e resonance (Bron and Dreyfus 

1966) and the r e s u l t s were explained on the bas i s of the 

Devonshire p o t e n t i a l in the high b a r r i e r l i m i t . From thermal 

conduct iv i ty measurements at very low temperatures of the 

NaGl:OH~ and KG1:0H" (Chau et a l 1967, Rosenbaum et a l 1969) 

i t was found tha t tunnel s p l i t t i n g for the NaCl:OH~ was 

l a rge r than tha t for the KCl:OH". Har te l and Luty (1968) 

have studied the e l e c t r i c f ie ld- induced diohroism of the 

OH" s t r e t ch ing v ib ra t ion using very high r e s o l u t i o n at 

5 K but Could not observe any tunnel s p l i t t i n g which was a 

very puzzling s i t u a t i o n because speci f ic heat measurements 

s t rongly supported the tunneling model. The tunnel ing s t a t e s 

of the KC1:0H~ and NaCl:OH~ systems (Scott and Plygare 1969) 

have also been studied by microwave absorp t ion . The absor­

p t ion bands were explained i n the framework of the 

Devonshire p o t e n t i a l with an add i t iona l per turbing po t en t i a l , 

Scott and Plygare (1969) assumed tha t the cent re of mass of 

the OH" ion does not coincide with the cav i ty cen t re , but i s 

displaced i n a (JooJ d i r e c t i o n . An almost s imi la r model 

was proposed by Shoxr> (1966) and by Pompi and Narayanamurti 
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(1968). In the NaCl:OH" system (Scott and Flygare 1969), 

the tunnel s p l i t t i n g appeared to be l a rge r than in the 

KG1:0H~ system. Windheim and Kinder (1975) d i r e c t l y measured 

the t u n n e l - s p l i t t i n g by resonant s ca t t e r ing of monochromatic 

phonons and the s p l i t t i n g was found r a the r large for the 

NaCl:OH~ system. Prom the s tud ies on the s t a t i c s and dynamics 

of d ipolar alignment of the OH" ions in various a l k a l i 

ha l ide hosts (Kapphan and Luty 1973 and Kapphan 1974) i t 

was found tha t the 0H~ ionQ has \111_)> o r i e n t a t i o n in the 

CsBr and <̂ 110)> o r i e n t a t i o n in the KI l a t t i c e s . The <;̂ 110^ 

o r i e n t a t i o n of the OH" ion in KI was confirmed by Bridges(1973) 

The ON" ion in a l k a l i h a l i d e s ; The f i r s t evidence of 

tunnel ing of the ON" ion in a l k a l i ha l ides l ike KCl was 

found by thermal conduct iv i ty measurements (Seward and 

Narayanamurti 1966). They observed the in f ra red absorpt ion 

due to ON" ions doped in KCl c r y s t a l s a t 300 K and found 

a broad band with a double hump which was explained as 

a r i s i ng due to the r o t a t i o n a l motions of the ON" ion in the 

KGl l a t t i c e . But a t low temperatures below 60 K the spectrum 

showed d r a s t i c changes, A narrow absorption band, between 

the two maxima observed at high temperatures, r i s e s rapid ly 

which was explained to a r i s e due to l i b r a t i o n a l motions 

of the ions ( tunnel sp l i t t i / j g was ignored for s i m p l i c i t y ) . 

They ca lcu la ted the p o t e n t i a l b a r r i e r s for l i b r a t i o n s of 

the ion using Paulirip;'s model (1930), The phonon resonant 
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s c a t t e r i n g and infrared spec t ra of the ON" ions in the KBr 

and KI l a t t i c e s are s imi la r to those in the KCl l a t t i c e . 

On the basis of s t ress- induced dichroism of the CN~ s t r e t ­

ching v i b r a t i o n at low temperatures, they found [lOO] 

o r i e n t a t i o n for the ON" ion in the KGl, KI and KBr l a t t i c e s , 

which i s i nco r rec t from the recent f indings of Luty (1974b) 

and Verma (1980). Later on, Windheim (1976) d i r e c t l y 

measured the energy separa t ion between the low-lying s t a t e s 

i n the KCltCN"" system by resonant s c a t t e r i n g of tunable 

monochromatic phonons and h i s data proved tha t the CN~ ion 

i s or iented along the [ l l l j d i r e c t i o n . Recently tunnel 

s p l i t t i n g was observed with the s t r e t ch ing v ib ra t ion of 

the ON" ion in the KBr s ingle c r y s t a l s in high r e so lu t ion 

infrared absorpt ion spect ra (Verma 1980) and the r e s u l t s 

were compatible with the (jLllj model for the i on . In t h i s 

study, the p o t e n t i a l b a r r i e r s for r e o r i e n t a t i o n of the 

ON" ion in KCl and KBr l a t t i c e s were ca lcu la ted as 28.7 and 

36.5 cm r e spec t i ve ly . The l a r g e r b a r r i e r height in the 

KBr matrix compared to tha t i n KCl i s contrary to expec­

t a t i o n s on the basis of bigger cavi ty dimensions of KBr. 

From t h i s comparative study, an extremely important 

conclusion was drawn (Verma 1980) that the an iso t ropic 

par t of the i n t e r i o n i c p o t e n t i a l giving r i s e to a b a r r i e r 

for r e o r i e n t a t i o n i s determined by the a t t r a c t i v e par t 

r a t h e r than by the repuls ive pa r t of the p o t e n t i a l . More 
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precisely, one might say that it is not the repulsive 

interaction with the neighbouring K ions which gives rise 

to maxima, but rather the longer range polarization effects 

with the next nearest-neighbour halide ions which give rise 

to minima in the potential with the rotational coordinates. 

The NOp~ ion in alkali halides : There has been considerable 

amount of work done on reorientational degree of freedom 

of the NOp~ ion in various alkali halide crystals. This 

will be discussed in chapter IV, 

2.8 PAIR MODES AND THEORETICAL BACKGROUND 

For impurities dissolved in small concentrations 

in crystals, mutual interaction effects among them are not 

prominent. But there comes a stage when pairing or clustering 

of impurities becomes important with increasing concen­

trations. Then the mutual interactions among the impurities 

cannot be neglected. The pairing or clustering gives rise 

to localized modes and they are reflected in the infrared, 

Raman or EPR spectra. Intensities of such absorption 

bands are quadratioally dependent on the concentration of 

impurities. In alkali halides, many impurity pairs have 

been studied and detected by various techniques which will 

be discussed later. In most of the cases the pairs were 

obtained by high level of doping of impurities and making 

use of statistical probability of pair formation. But 

de Souza et al (1970) have obtained pairing of U-centres 
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in KGl by a controlled technique with low concentration 

of impurities and could produce isolated pairs. 

There have been a large number of theoretical 

formulations to understand these modes. They have been 

studied by molecular models (Jaswal 1965, 1972), Green's 

function techniques (Gupta and Mathur 1976, 1980, Kalyani 

and Haridasan 1976) and coupled h?rmonic oscillator model 

(de Souza and Luty 1973). In molecular model approach, 

impurity and their nearest-neighbours only are assumed to 

take part in the motion while rest of the crystal lattice 

is assumed to be at rest. In Green's function technique 

a Complete knowledge of the eigen states and eigen vectors 

of the host lattice is required and the method in principle 

yields an exact solution of the problem. The molecular 

model should give good results for impurities whose motions 

are highly localized so that the assumption of neglecting 

the motion of rest of the lattice other than the impurities 

is valid. De Souza and Luty (1973) have proposed a model 

of two coupled harmonic oscillators for a pair of impuri­

ties. They (De Souza and Luty 1973) have applied this model 

to .U-centre pairs in KCl with quite satisfactorily results. 

The coupling between the two harmonic oscillators is 

provided by the electric dlpole-electric dipole interactions 

between the two impurities due to induced dipole moments 
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during their vibrations. If the motion of individual 

impurity is highly localized than the motion of lattice 

relative to the impurity can be neglected and the rest of 

the lattice can be considered to be rigid. The Hamiltonian 

for two coupled harmonic oscillators can be written as: 

where m^ is the mass of the first impurity, mg that of the 

second, q̂  is the displacement of the first impurity and 

qg that of the second. Cj^ and CJg are the localized 

frequencies of the individual impurities. The last term 

is the interaction between the t-wo localized harmonic 

oscillators which is responsible for g?ving rise to side 

bands to the localized vibration, B is the coupling constant. 

If the impurities during their vibrations have induced 

electric dipole moments /^ ^ and ^2 respectively than the 

last term can be written in terms of dipole-dipole 

interactions as : . 

L. Ki 
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'fi'. and /Q g are the unit vectors along fk ̂  and ^ g 

respectively and R.p is the unit vector along R^g. which 

is the distance between the two dipoles. This interaction 

predicts the correct shifts. The sign of this interaction 

decides the position of side bands. If the sign of the 

interaction is negative the side band will appear on the 

low frequency side and if it is positive then the side band 

will appear on the high frequency side of the localized 

vibration. A pair due to two dipoles in crystals will show 

infrared absorption when the net dipole moment of the system 

is non zero. In crystalQ lattices the two dipoles can be in 

the same plane or in different planes. When the dipoles 

vibrate in the same plane two types of situations may 

arise : (l) the two dipoles can vibrate in the same direc­

tions; i.e., they are in phase, or (2) they may vibrate in 

the opposite directions; i.e., they are out of phase. In the 
,up in 

first case the pairs may show/infrared absorption. But in 

the second case because of the cancellation of dipole 

moments, they will not show infrared absorption. However, 
rise to 

they may give'/Raman scattering. 

In treating dipole-dipole interactions for large 

distances (R >^ a) the dipolar interaction would be 

screened by the polarization of the host lattice and 

dielectric constant of the medium giving rise to a correction 

factor. But for alicali halides for small distances, the 



5A 

corrections from screening by dielectric constant and local 

field effects are very much close to unity (De Souza and 

Luty 1975). 

2.9 PAIR MODES DUE TO VARIOUS IllfURITIES IN ALKALI HALIJES 

The first experimental eviddnce for pair modes 

was obtained from Raman scattering from Ag pairs in NaCl 

by Moller et al (1970). Ag ions induced a peak at 47 cm" 

in NaCl which remained unexplained theoretically by earlier 

woriceiB. The intensity of this band was found to increase 

nearly quadratically with the Ag concentration. Moller 

et al (1970) have calculated the frequency of a vibrating 

Ag pair occupying second nearest-neighbour site in the [lioj 

directions, on the basis of the assumption that only the 

nearest-neighbour Cl~ ions contribute to the pair vibration. 

They obtained 47.5 cm" as the frequency of the pair mode 

which was in excellent agreement with the experimentally 

observed value. Templeton and dayman (1971) have observed 

pair mode in KCl : Na system whose intensity showed 

quadratic dependence on the Na ion concentration. Jaswal 

(1972) used molecular model to explain the pair mode. It was 

shown that the defect produces a very large softening of 

short range force constants around itself. De Jong et al 

(1973) observed a series of closely-spaced absorption lines 
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in the KI : Rb"̂  system. The origin of these lines has been 
t, 

explained as a r i s ing due to the Rb p a i r s i n KI by Ward 

and dayman (1974a). Using a molecular model, they have 

ca lcu la ted the resonant mode frequencies of the Rb p a i r s 

i n KI. Later on, Ward and Clayman (1974b, 1974c) have 

observed pa i r modes due to Na , Cl~ and Br" impur i t ies in 

KI. The i n t e n s i t i e s of these bands were found to vary 

quadra t i ca l ly with the concentra t ion of i m p u r i t i e s . The 

experiments of Becicer and Martin (1972) on infrared absorp­

t i o n of the NaCl:F~ system revealed s ix peaks. The quadrat ic 

concent ra t ion dependence of the s t rength of these l i n e s 

ind ica ted tha t they a r i s e due to the p a i r s of f luor ine 

i m p u r i t i e s . They suggested two types of pa i r s the nea re s t -

neighbour and the second- nearest-neighbour pa i rs responsible 

for these modes. Haridasan et a l (1973) .employed Green's 

funct ion techniques to explain the p a i r modes observed by 

Becicer and Martin (1972). This model could explain a l l the 

in f ra red resonant modes due to pa i r s of impuxi t ies , a t 

l e a s t i n a q u a l i t a t i v e way. Ishigama et a l (1972) observed 

infrared absorpt ion a t 16.5' cm" due to K-P jmpurity pa i r s 

i n NaCl containing large concentra t ion of potassium and 

f luor ine i ons . This l i ne was not: present i n samples with 

high concentra t ion of only f luor ine or only potassium ions . 

A carefu l ana lys is by them indicated t h a t the s t rength 

of the absorpt ion l i n e was propor t ional to the product 
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of the concentra t ions of the f luor ine impurity and. tha t of 

potassium impuri ty. The most extens ively studied p a i r 

mode system i s the U-centre pa i r s i n alicali h a l i d e s . This 

has been studied experimental ly as well as t h e o r e t i c a l l y 

hy de Souza et a l (1970, 1973) and Robert and de Souza (1974) 

Several other workers have studied t h i s system t h e o r e t i c a l l y 

(Kalyani and Haridasan 1976, Gupta and Mathur 1976, 1980) 

by using Green's function technique. De Souza et a l (1970) 

achieved U- centre pa i r s in KCl by thermal reac t ion of 

mobile i n t e r s t i t i a l Hp molecules with P-centre pajrs 

(M-centres) . The observed pa i r modes due to U-centre p a i r s 

in K31 were s a t i s f a c t o r i l y explained by a model of coupled 

harmonic o s c i l l a t o r s where the coupling between two 

o s c i l l a t o r s i s provided by e l e c t r i c d i p o l e - e l e c t r i c dipole 

i n t e r a c t i o n s (de Souza and Luty 1973). Later on, Robert 

and de Souza (1974) observed pa i r modes due to U-centres 

in many other a l k a l i ha l i de s , v i z . , KBr, KI, NaCl and 

RbCl. They confirmed tha t the main coupling between the 

H~ or D~ harmonic o s c i l l a t o r s i n var ious hos ts was provided 

by the d ipole-dipole i n t e r a c t i o n s . Some v i b r a t i o n a l l i ne s 

were i d e n t i f i e d due to <(̂ 20o)> , <(21lS and <(220^ neighbouring 

H" H", D~ D~ or H" D" p a i r s i n the c r y s t a l s . 

Infrared spec t ra of the KI:NOp~ system has been 

s tudied previously by Narayanamurti e t a l (1966) for 

r e l a t i v e l y large concent ra t ion of the NOg" ions in KI. 
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We have also made a detailed study of this system for large 

concentration of the NOg" ions in KI. This will be discussed 

in chapter V. 

2.10 THE LOCALIZED MODES AND EPPECT S OP AiraARMONIGlTY. 

A localized mode is a vibrational state associated 

with a crystal defect having frequency out side the fre­

quency band or bands of the perfect crystal lattice. Unlike 

lattice phonons, localized modes are non-propagatory modes. 

Por such modes amplitude of displacement at the impurity 

site is maximum and it decays exponentially at subsequent 

lattice sites. Depending upon the frequencies, these modes 

can occur at frequencies higher than the highest frequency 

phonon state and such type of modes are called local modes. 

If their frequencies fall within the allowed bands of 

unperturbed lattice than they are called resonant modes 

or band modes. Some crystals have a gap in between their 

optical and acoustical phonon branches where there are no 

phonons in the host lattice. If the modes due to defects 

have frequencies which lie in the forbidden gap then they 

are called gap modes. They are shown schematically in 

figure 2.5. The appearance of these modes can be understood 

qualitatively by considering the modification of mass at 

the lattice site due to impurity and changes in the force 

constants between the host atoms and impurities. A local 
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mode occurs if a light host ion is replaced by a lighter 

impurity or the impurity is coupled to its sorroundingsmore 

strongly than the host ion. The replacement of the light 

host ion by a heavier impurity or softening of force constant 

around the impurity ion may pro.duce a gap mode. If a heavier 

ion of the host crystal is replaced by a lighter impurity 

ion it may give rise to a gap mode. Softening of force cons­

tant around a heavier impurity does not give any mode out 

side the band of phonons of the host lattice but within the 

band only, giving rise to resonant modes. 

In harmonic approximation, the normal modes of 

vibration of a perfect or imperfect crystal - are indepen­

dent of each other. They are exact eigen states of the 

crystal Hamiltonain and are therefore infinitely long-lived. 

However, no crystal is perfectly harmonic. If one goes 

beyond the harmonic approximation to the crystal Hamiltonian 

and retains the third-, fourth- and higher order terms in 

the expansion of the crystal potential energy and the 

impurity host potential energy in powers of the atomic 

displaceraerfts, the exact eigen-states of the harmonic 

approximation are no longer exact eigen states of the anhar-

monic crystal; . In the presence of anharmonicity the 

normal coordinate transformation, which diagonalizes the 

harmonic part of the crystal Hamiltonian, leads to a couplir̂ g 
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between the formerly independent normal modes of the 

harmonic approximation. This coupling allows the exchange 

of energy between the normal modes of the harmonic approxi­

mation and gives r i s e to a number of i n t e r e s t i n g and 

observable e f fec ts such as thermal expansion of l a t t i c e , 

temperature-dependent band-width and frequency sh i f t of 

loca l i zed modes e t c . The band-width of l o c a l mode i s , in 

genera l , very small because they are very weaicly coupled 

to l a t t i c e phonons. The l i f e time of such a loca l ized 

o s c i l l a t o r i s determined by i n d i r e c t coupling -to l a t t i c e 

modes due to anharmonic terms. Absorption due to resonant 

modes i s genera l ly very broad. In some cases the exci ted 

resonant s t a t e can loose energy by exc i t i ng phonons of the 

same frequency. This w i l l cause damping of the o s c i l l a t i o n s , 

Sometimes damping may be weak:, eg., when the number of 

phonon s t a t e s a t frequencies necir the resonant mode f r e ­

quency i s small, or when the impurity i s only weakly 

coupled to the'phonon s t a t e s . 

The p o t e n t i a l energy of an anharmonic c r y s t a l 

conta ining a s u b s t i t u t i o n a l point defect can be expanded 

in powers of the normal coordinates of the l a t t i c e phonons 

and the impurity modes. In the expansion there wi l l be 

cubic and quarti.c terms involving normal coordinates of 
3 4 

loca l i zed mode Q , such as Q_ and Q , These terras a f fec t 
the energy l eve l s of the local ized s t a t e , but not of the 
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other l a t t i c e modes and thus induce higher harmonics and 

side bands e t c . The terms involving only the l a t t i c e mode 

normal coordinates such as q-q^q,^ give r i s e to thermal 

expansion (Pe ie r l s 1974). So, the anharmonic terras 

containing normal coordinates associa ted with only loca l ized 

modes or only with l a t t i c e phonons are not responsible 

for the exchange of energy between the loca l ized modes and 

l a t t i c e phonons. Excluding these con t r ibu t ions , the 

Hamiltonian for the l oca l mode o s c i l l a t o r involving coupling 

between the loca l ized mode and l a t t i c e phonons can be 

wr i t t en as (Bauerle 1973): 

H = HQ + H3 + H^ , . . . (2.18) 

where KQ i s the harmonic p a r t of the Hamiltonian for the 

loca l i zed mode, H^ and H. are the cubic and quar t ic terms 

r e s p e c t i v e l y of the Hamiltonian containing mixed terms-

responsible for temperature dependent band-width and 

frequency sh i f t of loca l ized modes. In terms of normal 

coordinates of the loca l ized mode Q and l a t t i c e phonons 

q. , q. e t c , they can be expressed as •: 
J 

^ 3 = i 
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and 

H. - -iL 
^ 4 

4 

a V 

^^i.iJ 
aa^aq.an aĉ ^ 

%Sl9;^ 
k 

d\ X 

o . ^g^i^.J 

(Z.59) 

which can be written in terms of creation and annihilation 

operators (Bauerle 1973) as: 

^ 3 = 6 

g,i> J 

V3(g,i,D)(ag + ap(q^ + 4^^^o + ̂ V ̂  

,i-N2 ,t̂  V^(g,i)(a^ + a]^)^ (a, + a ) 

g,i 

"t* • • • • 

and 

H 4 - 24 

+ 

-J- -j- -/- -(-
V^Cgji,j,k)(a + a )(a^ + a^)(a + a )(a^ + a^) 

g.ijDji^: 

V4 (g,i,j)(ag + a^)2(a^ + a^)(a. + a"̂.) 

g,i, J . . (2.20) 

where g r e f e r s to the eigen vectors of the loca l ized modes 

and i , j , l c those of l a t t i c e pbonons. V̂  and V. represent 

the coupling coe f f i c i en t s of the cubic and quar t ic terms in 

the p o t e n t i a l energy, coupling locali^c^d modfcs with l a t t i c e 
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phonons. Since these processes depend on thermal occupation 

number n. = exp[(^- ) _ l"] "''- of phonons involved in the 

interactions, temperature depenaence is contained in this 

factor, 

2.11 HAii'-'rtTuTH 

As the terms H^ and H. in the equation 2.18 are 

small compared to H^, the contributions of these anhar-

monic terms to the energy and damping of the localized'modes 

can be calculated using perturbation techniques. The differen 

processes contributing to the width and shift of energy 

levels can be divided into two broad categories: decom­

position processes and scattering processes. Both of these 

processes modify the lifetime of the excited localized 

state and consequently affect the width of the level by 

limiting its life time, i.e, through uncertainity principle 

(Alexander et al 1970). In the decomposition mechanism, the 

excited local moae state decays into two or more lattice 

phonons, the overall energy being conserved. The excited 

resonant mode can lose energy by exciting phonons of the 

same frequency. This will cause damping of oscillations. 

But for local modes and gap modes such possibility does not 

exist because at these frŝ 'quencies, phonon states are not 

there. They can lose ener̂ -̂y by decaying into two or more 

lattice phonons causing damping. The two-phonon decay is . 
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brought about by terms V̂  ( g , i , j ) a^a'^a'^, Similar ly a 

three-phonon decay takes place through the terms V^(g,i,j ,K:) 

a ataT.a^. The temperature dependent ha l f -width due to two-

phonon decay wi l l have the form (Bauerle 1973): 

(n. + l ) ( n . + 1 ) - n n. (2.21) 

where n. and n are the thermal occupation numbers. This 

p r ed i c t s a constant value at low temperatures and a l i n e a r 

dependence on temperature a t higher temperatures . The 

hal f -width due to a three-phonon decay w i l l have a temperature 

dependent form as (Bauerle 1973)j 

(n^ 4- l ) (n^ + l)(nj^ + 1) - ri^n^n^ ... (2.22) 

This p r e d i c t s a constant half-width a t low temperatures and 

quadrat ic dependence on temperature a t h igher temperatures . 

Higher order anharmonic terms other than cubic and qua r t i c 

can give multiphonon decay but such con t r ibu t ions are 

neg l ig ib ly small . For the processes in which the loca l ized 

mode decays in to two phonons, we must have 

SI <C 2 CO 

and for three-phonon decay we must have -^ <_ 3 6J ^ 

where Jl i s the loca l i zed mode frequency and CO i s the 

maximum phonon frequency of the host c r y s t a l . 

m 
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The other mechanism giving rise to width is the 

scattering mechanism, often called Raman mechanism, and 

involves the scattering of lattice phonons at the localized 

excitations. It does not casae a decay of the excited 

localized excitation, but it broadens the localized mode by 

limiting the lifetime of a given overall state consisting 

of localized excitation plus phonons, since phonons are 

changing due to'̂ the scattering. The effect of scattering 

on the localized excitation part of the overall wavefunction 

is to produce a fluctuating phase shift or, what is the 

same thing, a fluctuating' frequency and hence a broadening. 

The process can be expressed as (Alexander et al 1970): 

|g>|..n^, n., ..> > (g>|'.nj_ - 1, n . + 1, •- > (2.23) 

This process can be brought about by anharmonic terms l i ke 

V'T(g,i)(a^ + a' ) (a + a".) (taken to second order in 
•^ S e l l 

pe r tu rba t ion theory) or V . ( g , i , j ) (a + a )^ (a + a"̂ > 

(a + a ) ( taken to f i r s t o rde r ) . In the Debye Approximation 

fo r phonon d i s t r i b u t i o n , both of these processes give 

a con t r ibu t ion to hal f -width which can be expressed as 

(Bauerle 1973): 

0 
'^' / (e""-!)^ 
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where /2> is a coupling constant and is positive, X = j-~r 

and k_0D is the effective Debye cut off frequency. This 

^ 2 
process predicts a T dependence in the high temperature 

7 limit and a T dependence at low temperatures. 

2.12 FEEyUMCY SHIFT 

The temperature dependent frequency shift of loca­

lized modes may arise from direct anharmonic coupling to 

lattice phonons and the therr̂ al expansion of the lattice. 

The thermal expansion of the lattice is caused "by the 

anharmonicity of the lattice modes. It leads to„softening 

of the force constants and thereby to a decrease in fre­

quency. The major contribution to the shift in the centroid 

frequency of a localized mode with temperature can be 

attributed to the elastic scattering of lattice phonons by the 

localized excitation. In the Debye approximation this can 

be expressed as (Alexander 1970); 

e -̂1 

where ^ is a coupling coefficient and Q an effective 

Debye temperature. This gives the limiting behaviour as 
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Q^s T* for low T 

'^^SC 6( T for high T 

The frequency sh i f t from the thermal expansion effect can 

be wr i t t en as 

Ao.H^lf) a(A,g )̂ 

a ( o ) i s t h e l a t t i c e p a r a m e t e r a t 0 K, a ( T ) t h a t a t t e m p e ­

r a t u r e T and A a = a ( T ) - a ( o ) , (̂ (̂ (A. ) i s t h e h y d r o s t a t i c 

s t r a i n c o u p l i n g c o n s t a n t r e l a t e d t o t h e u n i f o r m d i a l a t i o n 

of t h e l a t t i c e and i s r e s p o n s i b l e f o r the s h i f t of t h e 

e n e r g y l e v e l of t h e l o c a l i z e d mode. T h i s c a n be e s t i m a t e d 

f rom t h e u n i a x i a l s t r e s s e x p e r i m e n t s on c r y s t a l s c o n t a i ­

n i n g i m p u r i t i e s . 

2 . 1 3 iiiARLWR STUJIiiS Oî ' Tflc; TBl\5l'JiiiATlJRE D E P E B J E N C E OP THE 

HAIiP-WIDTH AND FREQUENCY SHIFT OP LOCALIZED MODES. 

T e m p e r a t u r e d e p e n d e n t s t u d i e s on l o c a l i z e d modes 

h a v e b e e n made by s e v e r a l w o r k e r s e x p e r i m e n t a l l y a s w e l l 

a s t h e o r e t i c a l l y ( M a r a d u d i n 1966, E l l i o t e t a l 1965 , 

A l e x a n d e r e t a l 1 9 7 0 ) . E x p e r i m e n t a l l y n e a r l y a l l of t h e 

work h a s b e e n done w i t h i n -^ r a r ed s p e c t r o s c o p y . E l l i o t 

e t a l ( 1965) made a de ta i teS a n a l y s i s of t h e t e m p e r a t u r e 
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dependence of l o c a l i z e d v i b r a t i o n s of H~ and D~ ions i n the 

a l i ca l ine e a r t h f l ue . r i des such as CaFg, SrFg and BaPg. The 

t e m p e r a t u r e dependent h a l f - w i d t h s and f requency s h i f t s 

a s s o c i a t e d with v a r i o u s l o c a l i z e d modes were exp la ined 

s a t i s f a c t o r i l y i n terms of anharmonic i n t e r a c t i o n s g i v i n g 

r i s e to decompos i t ion of l o c a l i z e d modes i n t o l a t t i c e 

phonons, and s c a t t e r i n g of phonons by l o c a l i z e d modes. 

Temperature dependent s t u d i e s on the l o c a l i z e d modes 

due to U - c e n t r e s (H~ and D~ i o n s ) i n v a r i o u s a l k a l i h a l i d e s 

have been made by F r i t z (1968) . He e x p l a i n e d the t empera tu re 

dependent width i n terms of decomposi t ion p r o c e s s e s . Fo r 

t h e H~ i o n s i n a l l the a l k a l i h a l i d e h o s t s s t u d i e d , 'V^joc^ 

2 A) where A^T- ^ i s the l o c a l i z e d v i b r a t i o n and A^ i s m Loc m 

the h i g h e s t band mode f r equency . The H~ l o c a l mode quantum 

cannot decay i n t o two phonons but must decay i n t o a t l e a s t 

t h r e e . The absence of a two-phonon d e c a y ^ c o n t r i b u t i o n 

e x p l a i n s the l o n g e r l i f e t i m e and thus smal l h a l f - w i d t h 

of the H~ band. For the D^ l o c a l mode, -0-. ^/ 2 -v) and 
' Loc ̂  m 

its lifetime is mostly governed by a decay into two lattice 

phonons. The causes of frequency shifts of these modes were 

attributed to the direct anharmonic contributions and 

the influence of the thermal expansion. Such measurements 

by Dotsch (1969) on the LiF and NaF containing H~ and D" 

impurities illustrate two possible limiting examples. 
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Because of the smal l mass, of l i t h i u m , the l o c a l mode f r e ­

quency i n the LiF:H" system i s c l o s e enough to t h e maximum 

f r equehcy of LiF, i.e., a two-phonon decay p rocess i s p o s s i b l e . 

The damping i s found t o be very l a r g e . For the LiP:H~ , 

LiF:D~ and NaP:D~ sys tems , A)T ^< 2^) . But f o r the 
"̂  ' l/oc m 

NaPsH" system where 'v), ";> 2 -\) , a th ree-phonon decay 

scheme i s n e c e s s a r y . The absencfe of two-phonon decay e x p l a i n s 

smal l h a l f - w i d t h of t h e H~ band m NaP. Although the 

th ree -phonon decay scheme has the c o r r e c t l i m i t i n g "tempe-
Q 

rature dependence {(XT ) at higher temperatures, the 

scattering process is believed to play the domihant role here. 

Alexander et al (1970) have measured the temperature 

dependent absorption spectrum associated with resonant modes 

in the KBrtLi"*", NaCl:Gu^, KI:Ag^ and MnPpiE "̂̂  systems in 
^ Li. 

the far-infrared absorption. They could satisfactorily 

explain the temperature dependent characteristics in terms 

of various anharmonic interaction mechanisms coupling the 

resonant modes to lattice phonons. 

We have made temperature dependent studies of the 

half-width and frequency shift of the gap mode of the NOj" 

ion in KI single crystals for the first time as it has not 

been possible in past to undertake such studies on gap 

modes as the differencB band absorption of the host 

lattice at temperatures above 10 K dominates the spectral 

region near the gap. This will be discussed in detail in 

chapter VI. 
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Figure2.1 The PauUng't potential function V=\^(1-cos26).The tunneling, 

Ubrst)on«l« hindered rotationet« end free rotational states are indicated 

In the figure. 
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Figure 2.2 Influence of the Davonshire potential on the low lying 

'rotational states of a molecule of rotational constant B.Energies 

aod barrier parameter K are in units of B.With increase barrier 

height ifw tibratlonal frequencies Increase and tunnel splittings decrease. 

m the limit of large negative K, the iibrational ground state \s split 

into four states and for large positive K, the ground state splits into 

three states. ° 
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Figure 2,3 Model potential of tiie one-dimensional dwjbte-well harmonic 

osciUator. 
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Rgure 2.5 Schematic diagram showing resonant mode, gap motis 

and tocal mode due to impurity ions substituted in otheiwise 

jHife crystals. 



CHAPTER n i 

EXPERIMENTAL PROCEDURE 

Sing le c r y s t a l s of potass ium i o d i d e doped with 

po tass ium n i t r i t e were grown by p u l l i n g from t h e melt 

us ing the Kryopolous t e c h n i q u e . The s t a r t i n g ma te r i a l s were 

h igh p u r i t y r e a g e n t grctde s u b s t a n c e s . To p reven t OH"" 

Contaminat ion , po tass ium i o d i d e was baked at 'N^ 400°C i n 

n i t r o g e n atmosphere f o r few days a f t e r g r i n d i n g r e p e a t e d l y . 

Af t e r be ing p u l l e d from the me l t the c r y s t a l s were cooled 

slowly i n about a week to room tempera tu re to avoid any 

mho-mogenie t ies . The r e s u l t i n g c r y s t a l s always c o n t a i n both the 

n i t r i t e and n i t r a t e ions m comparable c o n c e n t r a t i o n s but 

by growing under n i t r o g e n a tmosphere , more than 95/o n i t r a t e 

i ons can be conver t ed i n t o n i t r i t e i o n s . The NOg" and NOp~ 

C o n c e n t r a t i o n s i n doped KI c r y s x a l s were determined by 

s p e c t r o p h o t o m e t r i c methoas . For smal l c o n c e n t r a t i o n s t u a i e s , 

17 —6 
c r y s t a l s containing -^ 10 ions cm and upto 20 mm 
thickness were used in the experiments. For high concentra-

1 R 1 Q —"5 

t i on s tud i e s , c r y s t a l s containing '̂ v̂  10 to "̂̂  10 ions cm" 

and ofp^ 1 mm thickness were used. Single c r y s t a l s of 

n i t ra te-doped KI were obtained by the same method as for the 

KIiNOg" c r y s t a l s by adding 0.02 to 0.05^ KNOg by weight 

in KI. The KI:N02~ c r y s t a l s were grown under the atmosphere 

of dry oxygen gas . The concentra t ion of the n i t r a t e ions in 
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17 1 fl 

the r e s u l t i n g c r y s t a l s was of the order of 10 to 10, 

ions cm" . Samples of ' ^ 10 x 10 x 8 rajn were cat from the 

boa.:tesand. polished proper ly . To avoid In t e r ac t i on e f fec t 

dmong impur i t i e s , samples of large thickness and lower 

concentra t ion were used. 

The high r e so lu t ion inf rared absorpt ion measurements 

were made on a Perkin-Elmer fihert-14 spectrometer equipped 

with a helium-cooled copper-doped germanium bolometer as a 

de t ec to r . This de tec tor has a 1mm x 1mm sens i t ive a rea . 

The infrared r ad i a t i on a f t e r absorpt ion by the sample has 

to be focussed at t h i s area of the d e t e c t o r . The de tec tor 

i s not background l imited when operated above 77K. Reduction 

of operating temperature r e s u l t s in background l imited 

operat ion with increase in d e t e c t i v i t y and time cons tan t . 

At these condi t ions the de t ec to r has almost uniform 
1 

d e t e c t i v i t y over a range 1000 to 5000 cm . The -gratings 

used in the monochromator had 144 l i ne s per mm. F i l t e r s 

were used to remove infrared rcidiation of higher frequencies 

The spectrometer was flushed with dry ni t rogen to remove 

the atmospheric water vajjour. Nernst glower was used as 

a source. The infrared r a d i a t i o n a f t e r d i spe rs ion from the 

fflonochromator was chopped, mechanically and then focussed 

a t the sample held in a cryoscat in a modified op t i ca l 

arrangement betNweon the ex i t s l i t of the monochromator 

and the d e t e c t o r . Hiiis arrangement allows only monochromatic 

infrared r a d i a t i o n to f a l l on the sample and not the whole 
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range of it. Thus the use of monochromatic radiation reduces 

the infrared heating of the sample. Low temtierature absorp­

tion measarements were made with a resolution of 0.03 to 

0.05 Cm , All spectra were recorded at a rate of two to 

four wave numbers per hour. At sample temperatures above <i5 K, 

absorption lines become relatively broad and spectra were 

recorded with a resolution between 0.1 and 0.15 cm 

The resolution of the instrument was checked with the water 

vapour bands very carefully. Variable temperature measure­

ments between 1.7 and 4.2 K were made with 'th«. help of an 

immersion cryostat by pumping on the liquid helium and 

temperatures were determined from the vapour pressure of 

the helium gas. Temperatures below 4.2 K were obtained by 

using an immersion cryostat. The sample holder is immersed 

in the refrigerctnt. The main part of the cryostat is the 

Copper can in which the sample is immersed. The copper can 

was soldered to the stainless steel helium container by 

means of indium. The copper can has provisions for sealing 

two optical windows. CaFp windows were sealed using a 

special type of epoxy. CaPg is preferred because it has an 

expansion coefficient at room temperature almost identical 

to that of the copper. CaPg can be used effectively at 

or above about 1000 cm . The sample holder having threaded 

base was attached to stainless steel rod* Its height was 

adjustable and it could be rotated as well. The helium 

Container was surrounded by a nitrogen radiation shield of 
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COfpSf which i s connected to a liq.aid n i t rogen container of 

Copper surrounding the upper par t of the s t a i n l e s s s t e e l 

helium con ta ine r . The whole system was enclosed in a 

vacuum can of s t a i n l e s s stet-l which haa two room temperature 

windows of I r t r a n IV. For measurements between 5 and 77 K, 

a var iable temperature conduction c ryos ta t of convensional 

design v/as used. Sample temperature was adjusted by passing 

a regulated cur ren t through a nichrome wire hea te r wrapped 

around the sample holdv^r. The temperature was measured by 

determining the res i s t ance of a YlQ •;/ Allen-Bradley carbon 

r e s i s t o r of e i t h e r 1000 or 4700i l nominal r e s i s t ance which 

were ca l i b r a t ed at boi l ing temperatures of l iqu id helium 

and ni t rogen a t atmospheric p res su re . Temperature measure­

ments above 5 K are accurate to b e t t e r than - 0.50 K. 

The spectrometer gives the absorpt ion spectrum of 

a sample in terms of i t s t ransparency. Transparency of a 

l ayer of mate r ia l i s defined as the r a t i o of the i n t e n s i t y 

of the t ransmit ted l i g h t (I^) to tha t of the incident 

l i g h t ( I . ) . Thus the t ransparency of a sample i s recorded 

on a non- l inear sca le , v/e have to reduce i t to linecir sca le , 

i.e., in terms of op t i ca l d3ns i ty . Optical dens i ty i s 

defined as the comm.on logarithm of the opacity where 

opaci ty i s the rec ip roca l :• c the t rans iparency. Thus 

Transparency = __t 
I . 

1 
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Opacity = _^ 

^t 

ctnci 

Optical density = °̂-5io ^ -i ̂  

The absorption peaî s of interest as recorded by the 

Spectrometer were divided into small bins of frequency 

interval and percent transimittance was measured at these 

puints. With the help of standard tables, this was converted 

into optical density and plotted on a linear scale. The 

spectra shown in different figures in this thesis are the 

replotted figures showing optical density on a linear 

wavenumber scale. 

Most of the experimental measurements were made by 

Prof. A.L. Verma when he was working at the University of 

Amsterdam, "îe are grateful to trof. J. Van der Elsicen of 

the University of Amsterdam for providing facilities for 

experimental work. 



CHAPTER IV 

TUMBLING MOTION OP THE WOg" ION IN KI SINGLE CRYSTALS.* 

ABSTRACT 

Motional states of the N02~ ion doped in KI singlp 

crystals have been investigated using high resolution 

infrared technique. At very low concentrations of the 

impurity, th« antisymmetric stretching vibration ( V^) of 

the. ̂ Og" ion shows multiplet structure at 1.7 K. This 

structure can be understood in terms of contributions of 

different type of tunneling motions of the NOg" ion among 

the- twelve equivalent potential wells in KI lattice. An 

attempted has been made to give an estimate of the potential 

barriers hindering reorientation of the ion in the KI 

lattice. 

Paper based on this study is going to appear; 

S.S. Khatri and A.L. Verma 1983. 

J. Phys. C: Solid State Phys, _16 (in press) 
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4 . l ' . INTROUJCTION AL^D KjiVli.)/ OF v/ORî  oJONi- ON THi; NOg" ION 

D0PJ3D 111 ALKALI HALILJiS. 

The n i t r i t e i o n i s a ben i d i p o l a r m o l e c u l e of Op 

p o i n t g r o u p symmetry h a v i n g t h r e e a x e s of r o t a t i o n a s 

sh-wn i n f i g u r e 4 . 1 . I t i s a l m o s t a p r o l a t e symmet r i c t o p 

- 1 - 1 
w i t h t h e r o t a t i o n a l c o n s t a n t s A = 4 . 2 2 cm % B = 0 . 4 5 cm 

- 1 and C = 0 . 4 3 cm a b o u t t h e t h r e e p r i n c i p a l a x e s p a s s i n g 

t h r o u g h t h e c e n t r e of mass of t h e i o n ( N a r a y a n a m u r t i e t a l 

1 9 6 6 ) . The n i t r i t e i o n i n v a r i o u s a l k a l i h a l i d e h o s t s h a s 

b e e n s t u d i e d by a number of w o r k e r s . I t s gap modes i n KI 

h a v e been s t u d i e d by Timusk and S t aude ( 1 9 6 4 ) , S i e v e r s and 

L y t l e ( 1 9 6 5 ) , Renic (1965) and many o t h e r s . Renk (1965) 

s u g g e s t e d t h a t t h e NOp" i o n i n a l l c a l i h a l i d e l a t t i c e s may 

h a v e s e v e r a l e q u i l i b r i u m p o s i t i o n s w i t h t h e p o s s i b i l i t y of 

t u n n e l i n g . From a s t u d y of t h e f i n e s t r u c t u r e a s s o c i a t e d 

w i t h t h e n o r m a l modes and t h e r m a l c o n d u c t i v i t y m e a s u r e m e n t s , 

N a r a y a n a m u r t i ^ t a l (1966) c o n c l u d e d t h a t t h i s i o n mus t 

have s e v e r a l low l y i n g t u n n e l i n g s t a t e s m t h e p o t a s s i u m 

h a l i d e s . They i n t e r p r e t e d t h e i r r e s u l t s on t h e b a s i s of 

P a u l i n g ' s model ( 1 9 3 0 ) . F o r t h e NOg" i o n i n KBr and KI, 

t h e s i t u a t i o n becomes more complex b e c a u s e of e v i d e n c e 

f o r s i m u l t a n e o u s r o t a t i o n a l m o t i o n s and t h e m o t i o n 

a s s o c i a t e d w i t h d i s p l a c e m e n t of t h e c e n t r e of mass of t h e 

i o n i n it.<? / > a v i t y { N a r a y a n a m u r t i and P o h l 1 9 7 0 ) . The NOp~ 
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ion in NaCl appeared to be immobile at low temperatures.. 

Avarma and Rebane (1969) observed the luminescence spectra 

of the NOp" ion in potassium halides which gave the evidence 

of hindering effect of the crĵ stal field on the rotation of 

the ion. On the basis of stress-induced dichroism of the 

A), and -Ô  fundamental vibrations of the NOg" ion in F.Ol 

at 2 K, Narayanamurti et al (1966) concludt̂ d that the 

equilibrium orientation of the NOg" dipole (which is also 

the Co axis of the ion) was along the <^110^ direction and 

(110) was the molecular plane. These measurements were not 

performed for KBr and KI host lattices but were assumed to 

give similar effects. Evans and-Fitchen (1970) confirmed 

these findings by their stress-induced dichroism in the UV 

absorption of the NOp~ ions in potass]um halides and deduced 

that the 0-0 axis of the ion points along the (̂ uOl/- direction 

(figure 4.2). The Raman spectra and polarization measure­

ments on these systems by Rebane and Rebane (1973) and 

Rebane et al (1974) were consistent with the findings of 

Evans and Pitchen (1970). The <^110^ orientation of the NOg" 

ion and 0-0 axis along the <̂ 001y direction is consistent 

with the Cg symmetry of the ion and also i£ electrostatically 

favoured, since in this orientation, the negatively charged 

oxygen atoms of the ion make their closest approach to the 

positively charged neares'.-neighbour K ions. Dielectric 

relaxation measurements by Sack and Moriarty (1965) 

Indicated a larger dipole -noment oi 3.97 Bebyt; Tor the 
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KIiNOg" system compared to 0.21 Debye for the KCl:!^^" 

system which is expected for the dipole moment of the ion 

situdted at the centre of the cavity. The large dipole 

moment for the KIrNOg" system implies that the NOp" ion may 

taice off-centre position in the cavity with its centre of 

mass displaced along the <̂ lla> direction because of the 

high polarizability of the I~ ion which would tend to 

attract the positive nitrogen ion. Therefore the dynamics 

of the NOg" ion in KI should be similar to that of an 

off-centred ion with twelve potential wells for the orien­

tation of its dipole moment. 

In this chapter we present our high resolution 

infrared measurements on the KI:NOg~ system for low concen-

trations of the NOg ions in KI. At low (/N/10 ions cm" ) 

concentration, a very complex and temperature dependent 

structure (at least six components) with the antisymmetric 

stretching vibration '0^ is observed which is interpreted 

as arising from the tunneling motion of the NOg" ion among 

the twelve <^11(^ equivalent equilibrium orientations of the 

ion in the KI lattice at 1.7 K. From the .observed unequal 

spacings of the tunnel-split levels, we have attempted to 

calculate potential barriers for different types of tunneling? 

4.2 EXPERIIVIENTAI RESULTS 

Infrared spectra of the NOg" ion in alkali halides 

in the fundamental vibration region have been reported by 
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Narayanaraurti e t a l (1966). The s t rongest bands for the 

KI:NOp~ system are found in the region of the "V fundamental 

v ib ra t ion centred around 1253 cm while much weaker bands 

are observed corresponding to the symmetric s t r e t ch ing '^. 
-1 ^ -1 

a t nearly 1308 cm and bending mode 'v^ a t 805 cm . The 

'^^ fundamental v ib ra t ion band shows a half-wiGith of about 

0,. 6 cm without any apparent s t ruc tu re with c r y s t a l s conta in-
18 3 

ing ^^ 10 ions cm" at 1.7 K, When c r y s t a l s of '-^ 20 mm 
17 —3 "J 

thicicness containing /-^ 10 ions cm are used, the Vc, 

fundamental band at 1.7 K shows a s p l i t t i n g in to six prorai-

nant c losely-spaced components at 1252.41, 1252.57, 1252.75, 

1252.83, ±252.97 and 1253.24 cm~ with ins t rumenta l reso­

l u t i o n of '•^ 0.03 cm" . The s p l i t t i n g of the "0^ fundamental 

band has been explained due to the tunneling of the NOg" 

ion in KI among the twelve ^110^ equi l ibr ium o r i en ta t ions 

(Khatri and Verma 1983). The r e l a t i v e i n t e n s i t i e s of the 

components show temperature dependence between 1.7 and 4.2 K. 

These measurements were repeated with severa l c r y s t a l specimen 

containing varying impurity concentrcttions and a f t e r 

annealing them ex tens ive ly . All the observat ions on these 

d i f fe ren t c r y s t a l s were in general agreement. The temperature 

dependent s tud ies of the components were inade q u a l i t a t i v e l y 

to confirm tha t they a r i s e due to the tunneling of ions, and 

were not due to pa i r modes, i n t e r s t i t i a l s i t e s , e t c . A 

t y p i c a l spectrum a t 1.7 K i s shown i n f igure 4 . 3 . Above 

4.2 K the width of the l i n e s becomes large and i t becomes 
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difficult to identify the individual components separately. 

4.3 DISCaSSlON -* 

The Complicated structure associated with the V^ 

fundamental vibration of the NO^" ion in KI can be understood 

in terms of tunneling of the ion among the twelve equivalent 

positions displaced along the <̂ llo)> directions. There are 

basically two theories to understand three dimensional 

tunneling behaviour of atoms and molecules in crystals. 

They are the Devonshire model and the GBK model as discussed 

in chapter II. The small spacings between the components of 

the '̂ 2 band of the NOg" ion in KI suggests that the 

potential barriers for tunneling' are large and hence, the 

GBK model should be a good approximation fur this system. 

The Devonshire model is good for small and medium potentia l 

barriers. Moreover, in this model, the centre of mass of 

molecular impurities coincide with the centre of the cavity 

formed by replacement of the host ion. The molecule then 

rotates about an axis passing through the centre of mass 

of the ion in octahadral' potential and the motion of the 

ion is a function of angular coordinates only. But in case 

of the NOg" ion in'KI, the centre of mass of the NOg" ion 

is displaced owing to 'its large dipole moment of 0.97 Debye 

(Sack and Moriarty 1965)) and so, its motion includes 

centre of mass movement alongwith angular motions. It 

becomes difficult to explain this in terms of the Devonshire 
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model. The centre of mass of the off-centred NOp" ion 

moves from one potential well to another by tunneling 

through the potential barriers. Therefore, it can be better 

understood in terms of the GBK model. The dipole moment of 

the NOg" ion in KI points along the \^'^0^ direction with 

its centre of mass displaced along the same direction. 

The orientation of the NOp~ ion in KI is shown in figure 4.2. 

The NOp" ion has twelve equilibrium configurations and 

corresponds to the -̂ Ŷ g model (figure 2.40). 

Measurements were made on the 'v7̂  fundamental 

vibration of the <(̂ 110y' oriented dipolar NOg" ion doped in 

KI. In the absence of tunneling, the ground and excited 

states of the '^^ fundamental of the lOg" ioa in KI will 

be l2-fold degenerate. The symmetries of the ground and 

excited states are A. and B-, in the Cg^ point group which 

corresponds to the A. and Ag symmetries in the 0, point 

group for the NOg" ion in KI. Tunneling among different 

equivalent wells leads to the splitting of the 12-.fold 

orientational degeneracy of both these levels producing 

E(A^g), E{Eg), E(T^^), E(Tg^) and, E(Tgg) ground vibra­

tional levels and E(Ap ), E(EJ, E(Tp^), E(T ) and, 
iCU U lig Xg 

E(T^^) excited vibrational levels. The symmetries of the 

excited vibrational levels are different from those of 

the ground vibrational levels. This is because of the Ag 

symmetry of'the excited stcite of the "V̂  fundamental in the 
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o c t a h e d r a l envi ronment . T h e r e f o r e , the s t a t e Â  becomes 

Ap , E becomes E , T^ becomes Tp ., Tg becomes T^ and 

Tp becomes T-, i n the e x c i t e d v i b r a t i o n a l s t a t e of the i o n . eg xu. 

However, the e x p r e s s i o n s f o r the e igen v a l u e s remain the 

same'. Prom the unequal s p l i t t i n g of the A)^ fundamental , 

i t i s e v i d e n t t h a t the energy l e v e l s do not have equa l 

s p a c i n g s . T r a n s i t i o n s between t h e s e l e v e l s g ive r i s e to 

the m u l t i p l e t s t r u c t u r e i n the '^^ fundamental r e g i o n . 

The energy l e v e l scheme and e l e c t r i c d i p o l e allowed 

t r a n s i t i o n s a re shown i n "figure 4 . 4 . Observed and c a l c u l a t e d 

l i n e p o s i t i o n s a r e g iven i n t a b l e I V . 1 . 

The wave f u n c t i o n s and e igen v a l u e s f o r the XY^p 

model have been worked out by Gomez e t a l (1967) which are 

g i v e n i n c h a p t e r I I . The e igen v a l u e s are ob t a ined i n terms 

o f ' t h e ma t r i x e lements and ove r l ap i n t e g r a l s . In the l a r g e 

b a r r i e r h e i g h t l i m i t , the o v e r l a p i n t e g r a l s can .be neg lec t ed 

and the e i g e n va lue s can be w r i t t e n i n terms of mat r ix 

e lements on ly a s 

E(A^g) = E^ + 47̂  + 2fi+ 4t) + a ' (4 .1 ) 

E(Eg) = E^ - Zrj + 2jt< - 2i; + cr (4 .2 ) 

E ( \ ^ ) = E^ + 2;̂ - - 2V -<r ( 4 . 3 ) 

^^^2u^ = ^ 0 - 2 ^ - + 2 t ; - c r (4..4) 

^^'^2g) = BQ - 2 ^ + cr (4 .5 ) 

These ma t r ix e lements a r e r e l a t e d t o the 60° (''7 ) 

( n e a r e s t - n e i g h b o u r ) , 90° (^A. ) (next n e a r e s t - n e i g h b o u r ) . , 
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120° (U) (third nearest-neighbour) and 180° ( (T) (fourth 

nearest-neighbour) tunnelings of the NOg" ion. From the 

observed separation of the lines, it can be inferred that 

other matrix elements than Ij (60° tunneling) are also 

important. In fact the best fitting to the experimental 

observations is obtained when the matrix elements satisfy 

the condition (k } (T)>'V ) V "̂-̂  ̂ ^® energy of the E(T2 ) 

state is equal to that of E(Tp ) of the ground vibrational 

state and the energy of the B(T^ ) state is equal to the 

energy of the 15(1. ) state of the excited vibrational state. 

Under these conditions, the electric dipole allowed tran­

sitions between the ground and excited vibrational levels 

agree quite satisfactorily with the experimentally observed 

line positions. The relative intensities of the predicted 

lines calculated on the basis of the Boltzmann distribution 

of population and degeneracies of various components of 

ground state agree well with the experimental observations 

(table IV.1), which of course give only the qualitative 

features. The actual intensities will depend on the 

transition dij)ole moments. The lowest energy transition 

predicted at 1252,14 cm has not been observed presumably 

due to its weatc intensity. Spacings between the levels 

of the ground vibrational states can'be found from 

equations 4.1 - 4.5 and we get 

E(Eg) - E(A^g) = 6 (T̂  + i;) = A (4.6) 

E(T^^)- E(E ) = 2^+ 2cr- 47^ = A' (4.7) 



94 

// 
E(T2^) - E(T^^) = 4 ( t | - L ) ) = A ( 4 . 8 ) 

E(To ) - E(T^ ) = 0 

which gives<r-/^= l>'''l ' ( 4 , 9 ) 

We have assumed same l e v e l s t r u c t u r e s i n t h e ground and 

e x c i t e d v i b r a t i o n a l l e v e l s . The spac ings between the 

observed l i n e s and those ob ta ined from the GBK model a re 

a s fo l lows 

1253.24 - 1252.97 = 0„27 cm"-"- = [s^ 

1252.97 - 1252.83 = 0.14 cm"^ = d 

1252.83 - 1252.75 = 0 .08 cm~^ = A' ' 

1252.75 - 1252.57 = 0 ,18 cm"'"'- = (S. 

1252.57 - 1252.41 = 0.16 cm"""" = A' 

u s i n g A = 0.27 cm" and the average va lues of A = 0 .15 cm"" 
'/ -1 

and /̂  = 0.13 cm in equations 4.6 - 4.9 and solving for 

1 '/^ ,• i) and <y we ge t 

fi = 0.093 cm~^ 

cr 

1 
.1) 

= 0.060 cm~^ 

= 0.039 cm"-'' 

= 0.0u6 cm""̂  

These r e s u l t s suggest; the t the t^unripilng of the NOp" d i p o l e s 

among next n e a r e s t - r «^ighbours f90° t u n n e l i n g ) i s the 

pr imary mode of t u n n e l i n g dnd 180° t u n n e l i n g a l s o c o n t r i b u t e s 

s i g n i f i c a n t l y , whereas the 60° t u n n e l i n g p r o b a b i l i t y i s l e s s 

impor t an t and 120° tunnel i r ig c o n t r i b u t e s very l i t t l e to the 
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observed ene rg i e s . The observed and ca lcula ted values of 

t r a n s i t i o n energies of the t u n n e l - s p l i t l eve l s of the NOg' 

ion in ^I are given in tab le IV.1 which are in reasonable 

agreement. " o -

From these matrix elements, an estimate of barrier 

heights for the four t̂ /pes of tunnelings can be made with 

the help of simple model of a double harmonic oscillator 

(Gomez et al 1967) in which tunaeling occurs between two 

wells only (figure 2.3). The matrix element ^ relating 

two states is given by equation 2.15 in chapter II. The 

barrier height in this model is the potential energy of the 

particle at the origin. Prom equation 2.11 for x = o we 

get an expression for the barrier height as 

V = i m CvĴ x ^ (4.10) 
o 2 o 

For known values of m, x , and the matrix element S » ^ can 

be obtained^from equation 2.15 and the b a r r i e r height V 

can be ca lcu la t ea from equation 4 .10. Equation 2.15 gives 

two values of 4j : one i s -very small and the others i s 

l a r g e . The b a r r i e r height corresponding to the small value 

of CJ comes out to be smaller than the s p l i t t i n g and hence 

t h i s value cannot be taken as i t i s unphysical . Therefore, 

the higher value of CJ i s considered. The b a r r i e r heights 

for four types of tunnel ings corresponding 'to 11 , fi , \) 

and cr can be ca lcula ted i f the dis tance 2x between the 
o 
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two minima pos i t ions of the nearest-neighbourQ wells , next 

nearest-neighbour wel ls , t h i rd nearest-neighbour wells and 

fourth nearest-neighbour wells are known. These can be 

ca lcula ted from the knowledge of the dipole moment of the 

NOp" ion in KI. Prom the model, the value x i s equal to d 

for 7̂  , i s equal to J2d for u , i s equal to v|3d for i) 

and i s equal to 2d for (T where 2d i s the displacement of 

the ion from the cavi ty c e n t r e . The procedure to find out 

the value of 2d i s given h e r e . 

The NOp" ion in KI has an ef fec t ive dipole moment 

of 0.97 Debye (Sack and Moriarty 1965) d i rec ted from the 

centre of mass of the ion towards the cent re of the cavi ty , 

whereas i t s i n t r i n s i c dipole moment i s 0.21 Debye in the 

opposite d i r e c t i o n . Therefore the net dipole moment due to 

i t s displacement i s 1.18 Debye d i rec ted towards the cavi ty 

c e n t r e . The absence of the negat ively charged I~ ion from 

the cavi ty i s equivalent to a pos i t ive charge with magni­

tude equal to t ha t of the I~ ion . The e f fec t ive ionic 

charge of the I ion in KI has been found to be e =0.71e 

(Mitra 1969), where e i s the e l ec t ron ic charge. This 

e f fec t ive charge forms a dipole with the negatively "charged 

NOg" ion . These two charges must have a separa t ion of 
0 

2d = 0.346A. Using this value of 2d, the barrier heights 

corresponding to r) , fi , i) and (j- come out to be 
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V^^ = 1 0 2 7 . 7 4 cm~^ 

V = 3 2 2 . 3 3 cm"^ 

V = 409.65 cm~^ ov 
-1 and V = 146*90 cm~ r e s p e c t i v e l y . 

oc 

The Corresponding l i b r d t i o n a l frequencies V corresponding 
ITT 

to -)n » /-̂  , p and cT tunnel ings a r e : -

"^Tjlib = 223.5 cm-1 

^ ^ l i b = 88.5 cm-1 

V,, , , , = 81.5 cm"-'-.V l i b -, 
-^ , ., = 42.25 cm~^ 

These ca l cu l a t ed l i b r a t i o n a l frequencies should give r i s e 

to sidg bands to the \)^ fundamental v ib r a t i on of the NOg" 

ion in KI a t 1476.25, 1341.25, 1334.25 and 1295 cm""'" respec­

t i v e l y . We have not studied the infrared spec t ra in t h i s 

region but Narayanamurti e t a l (1966) have made observat ions 
_1 

i n t h i s reg ion . One of t h e i r obg-.erved l i n e s at 1333.5 cm 

(80.5 cm higher s a t e l l i t e ) corresponds qu i t e c lose ly to 
—1 our ca lcula ted frequency a t 1334.5 cm (81.5 high s a t e l l i t e ) 

Considering tha t we have used a simple one-dimensional 

double-well harmonic o s c i l l a t o r model for the tunneling of 

the NOp~ ion i n KI, our r e s u l t s are qui te s a t i s f a c t o r y . 

The . search for a l l these l i b r a t i o n a l frequencies may lend 

fu r the r support for our proposed model and the ca lcu la ted 

b a r r i e r h e i g h t s | although the l i b r a t i o n a l frequencies do 

not aepend so le ly on ba r r i e r height but are functions of 
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detailed nature of the potential function. 

In this study we could explain the tunneling of the 

NOp" ion in KI in terms of the GBK model satisfactorily. 

Since the NOp" ion takes off-centred position in the KI 

Idttice, it makes the tunneling motions of the ion very much 

complicated compared with that in other alkali halides. 

The reorientation of the ion in KI cannot be explained 

solely in terms of rotation of the ion about its a,b or c 

axes but it is a combination of rotational and translational 

motions. The 90° (fc ) ̂ nd 180° ( cr) tunneling motions can 

be understood in terms of rotations about the a and c axes 

respectively together with translational motion. The 60°(Tl ) 

and 120° ( O.) tunneling motions are much more complicated. 

Barrier heights obtained for different types of tunneling 

motions are large. This is mainly due to the complex nature 

of tunneling motions of the NOp" ion in KI. 
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Table IV.1 Tunnel s p l i t l i ne s for the KIsNOg" system 
( in cm" ) as observed experimentally and ca lcu la ted . 
The r e l a t i v e i n t e n s i t i e s of these l i n e s , ca lcula ted on 
the bas i s of Boltzmann d i s t r i b u t i o n and degeneracy of 
various components of the ground s t a t e l eve l s , are given 
in the l a s t column. 

Observed l i n e 
pos i t i on 

1252.41 

1252.57 

1252.75 

1252.83 

1252.97 

1253.24 

Calculated l ine 
pos i t ion 

1252.14 

1252.41 

1252.56 

1252.69 

1252.82 • 

1252.97 

1253.24 

r e l a t i v e i n t e n s i t y 
(ca lcu la ted) in 
a r b i t r a r y uni ts 

1.88 

1.88 

. 1.88 

5.87 

2.10 

1.59 

1.00 

V' 
.b̂  .O^ 
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Figure 
4.1 The three principal axes o< rotation a.b andc of the NO' ion. 
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100] 

Figure 4 2 EqulUbrlum orientation of the off centred NOj Ion in Kl at 

IsBW ttrn^ratures,displaced towards f ion nearest to" 1 he nitrogen atom. 
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1252.0 1253.0 

Figure 4.3 Infrared absorption spectrum of a 20mm thick Kl crystal 

containing approximately 10^^ NO^ ions cm"-^ at 1.7 K In the \)^ 

fundamental region; spectral resolution is about 0.03cm~ . 
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A 

LAjA\giSM^Ji 

"1^ 

Figure 4.4 TtaineUng levels of the vibrational ground and excited states 

for the [110] oriented dSpoles (assuming the same structure in the ^ound 

and excited vibrational levels). The arrows indicate allowed optical 

transitions; resulting absorption lines are given in the lower pjrt of the 

figure. Here A = e(q+^>)=:0.27cm*^, Z^r: (2^-h2o-~^r^)„ = l>.1Scm'*1, and 
^•=A(q~-i>):=0.13cm*^ 



CHAPTER V 

LOCALIZED VIBRATIONS DUE TO PAIRS AND TRIPLET CLUSTERS OP 

THE NOg" IONS IN KI 

ABSTRACT 

Several sharp bands in the vicinity of the anti­

symmetric stretching vibration of the NO^" ion doped in KI 

19 3 single crystals containing -̂v̂  10 ions cm have been 

observed in the high resolution infrared studies at 1.7 K. 

These extra features have been explained as arising due to 

interactions betwean the transition dipole moments during 

the A)^ vibrations of the nearby nitrite ions in pairs and 

triplet clusters. Prom these studies, we have obtained the 

magnitude of the transition dipole moment during A) vibra-
3 

tion of the NOg"* doped in KI which is (i^ = 0,248 Debye, 

A short version of this work has been accepted for 

publication: 

S.S. Khatri and A.L. Verma 1983 Phys. Lett, (accepted 

for publication). 
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5 . 1 INTRODUCTION 

The K I : N 0 2 " s y s t e m h a s b e e n s t u d i e d p r e v i o u s l y by 

N a r a y a n a r a u r t i e t a l (1966) f o r r e l a t i v e l y h i g h c o n c e n t r a t i o n s 

of t h e NOg" i o n s ( /A^IQ-^^ i u n s cm"''^) i n K I . They . rej jorte-d 

c l o s e l y - s p a c e d l i n e s n e a r t h e V f u n d a m e n t a l v i b r a t i o n 

band and s u g g e s t e d t h a t t h e y may be a s s o c i a t e d w i t h t h e 

l i b r a t i o n a l modes of t h e WOp" i o n s . I n t h e p r e s e n t work 

we have s t u d i e d h i g h r e s o l u t i o n i n f r a r e d s p e c t r a of the 

KlrNOg" s y s t e m c o n t a i n i n g h i g h c o n c e n t r a t i o n s of t h e NOg" 

i o n s i n KI s i n g l e c r y s t a l s . We h a v e o b s e r v e d s e v e r a l 

t e m p e r a t u r e i n d e p e n d e n t and c l o s e l y - s p a c e d d i s t i n c t bands 

n e a r t h e a n t i s y m m e t r i c s t r e t c h i n g v i b r a t i o n 'Og of t h e 

NOg i o n a t 1 2 5 2 , 7 5 cm . These s a t e l l i t e b a n d s a p p e a r due 

t o m u t u a l i n t e r a c t i o n e f f e c t s among t h e NOp" i o n s i n K I . 

The c o u p l i n g b e t w e e n them i s p r o v i d e d by t h e t r a n s i t i o n 

d i p o l e moments d u r i n g t h e '0^ f u n d a m e n t a l v i b r a t i o n of t h e 

NOg" i o n s . We have c o n s i d e r e d s e v e r a l p a i r s and t r i p l e t 

c l u s t e r s of t h e i o n s which a r e f a v o u r e d e n e r g e t i c a l l y and 

h a v e c a l c u l d t e d t h e i r mode f r e q u e n c i e s on t h e b a s i s of 

C o u p l e d - h a r m o n i c o s c i l l a t o r m o d e l . 

5 . 2 EiCP£;RIivIhNTAL RESJLTS 

With r e l a t i v e l y h i g h e r c o n c e n t r a t i o n s of t h e NOg" 

i o n s i n KI , we h a v e o b s e r v e d s e v e r a l t e m p e r a t u r e i n d e p e n d e n t 

and c l o s e l y - s p a c e d d i s t i n c t b a n d s n e a r t h e a n t i s y m m e t r i c 
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s t r e t ch ing v ib ra t i on v„ of the NOg" ion at 1252.75 cm ^ 

at 1.7 K with --v̂  Imm thick c r y s t a l s containing r^ 10 to 

1 0 ^ ions cm" . At these concent ra t ions , the main V^ 

bcind becomes saturctted and many add i t iona l bands' appear on 

the high and low frequency s ides of the V^ >and with 
1 1 

spacings ranging from-'^^ 0.1 cm" to 1.2 cm" as shown in 
the f igure 5 . 1 . The bands on the low frequency side of the 

^^2 v ib ra t ion are much s t ronger compared to those on the 

high Irequency side and the r e l a t i v e i n t e n s i t i e s of these 

bands between 1.7 and 10 K were found temperature independent, 

In order to check the concentra t ion dependence, c rys ta l s 

containing varying concentra t ions of the N02~ ions were 

used. The i n t e n s i t i e s of these components r e l a t i v e to the 

i n t e n s i t y of the '0^ fundamental band at 1227 cm""'" due to 
15 — the NOp ions in na tu ra l abundance in the same c r y s t a l 

showed non- l inear , roughly quadra t i c , dependence upon the 

impurity concen t ra t ion . The measurements were made with the 

ins t rumenta l r e so lu t ion of '•\> 0.05 cm . 

5.3 DlSCUSbloiJ 

E a r l i e r s tud ies on t h i s KIrNOo" system by 

Narayanamurti et a l (1966) reported broad bands at 1240, 

•1248.5, 1245.5, 1261.0 and 1265.0 cm"-"" near the ^^ band 

a t 1253 cm . They in t e rp re t ed the appearance of the high 

frequency s a t e l l i t e at 1254.5 cm due to almost a free 

r o t a t i o n of the ion around i t s b - ax j s , while other bands 
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re speculaCed - .to arise from librations of the ion. This 

possibility can be ruled out on'the basis of owr concentration 

dependent studies on the band observed by us at 1254 cm 
18 —3 

and other bands. For concentrations of '̂^ 10 ions cm" 

used by Narayanamurti et al (1966), t̂ e mutual interactions 

between the NOg" ions in KI cannot be neglected, and such 

interactions should give rise to side bands, -/e >iave made 

observations in KI crystals containing varying concentrations 

of'N^ lu-""̂  to 10"''̂  NOg" ions cm" . At such high concentrations, 

formations of pairs and triplet clusters of the NOg" ions in 

KI are favoured (Behringer 1958) and mutual interaction 

effects become importcint. /Ve have studied these interaction 

effects and explained the origin of various satellite hands 

observed near the V„ band in terms of these interactions. 

As discussed earlier, at higher concentrations of the NOg~ 

ions in KI ( '^lO to '̂  10 ions cm" ), many satellite 

bands appear near the A) fundamental band (figure 5.1). 

These bands were not observed with crystals containing lower 

concentration of the ions. Behringer (1958) has calculated 

the probability of occurance of pairs and triplet clusters 

for a random distribution of atoms in a cubic lattice. 

The non-linear, roughly quadratic, dependence of the 

intensities of these bands on the concentration of the iono 

suggests that these bands i rise due to interacting ions in 

pairs and triplet clusters. The coupling between the two 

localized harmonic oscillators is provided by the interactior 
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between the t r a n s i t i o n dipole moments during the V^ 

v ib ra t ion of the NOp" ions in KI (Khatri and Verma 1983). 

VYe have considered nearest-neighbour p a i r s , second nea re s t -

neighbour p a i r s , o p e n - t r i p l e t s , c l o s e d - t r i p l e t s and a 

t h i r d type of t r i p l e t s which w i l l be re fe r red to as t r i p l e t 

c l u s t e r s of t h i r d type. The NOp" ion does not occupy the 

normal l a t t i c e s i t e but i s displaced in the d i r e c t i o n of 

i t s Cp axis in KI along the ^ l l J > d i r e c t i o n . Therefore, the 

cent re of mass of one of the NOp~ ions in the nearest-neigh­

bour pa i r s may be near the o r i g i n , which i s taken as one of 

the normal anion s i t e , ' and the centre of mass of the other 

ion may be necir the ( ^ > ^ » 0) pos i t ion in the l a t t i c e 

(figure 5.2a) where a i s the l a t t i c e cons tan t . For the 

neares t -neighbour pa i r s in which the Cp- axes of the NOp~ 

ions point along the [iio] and j l i o ] d i r e c t i o n s the 

coordinates of the centre of mass of the f i r s t ion w i l l be 

( -/"Sd, / 2d ,0 ) and tha t of the second ion w i l l be 

( ^ + -f2d, -g - xTSdjO) where 2d i s the displacement of the 

cent re of mass of the ion from the normal l a t t i c e s i t e . 

Since there are twelve p o s s i b i l j tie.? for each NOp~ ion, 

there w i l l be a l toge the r 144 types of p a i r s , out of wftich 

many w i l l be i d e n t i c a l . Similar ly coordinates of the centre 

of mass of the ions in the second nearest-neighbour p a i r s , 

o p e n - t r i p l e t c l u s t e r s , c l o s e d - t r i p l e t c l u s t e r s and t r i p l e t 

c l u s t e r s of t h i r d type can be found,, In the case of second 

neares t -ne ighbours , the pos i t i on of one of the ions w i l l be 
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near the o r i g i n and of the other ion w i l l be near (a, 0,0) 

(figure 5 .2b) . The pos i t ions of the ions in the o p e n - t r i p l e t s 

would be near the o r ig in , ( ^ s "g » 0) and hear ( a , a ,0 ) 

(f igure 5.2C); in the c l o s e d - t r i p l e t s they would be near 

( 0 ,0 ,0 ) , ( f » f » 0) and (O, | , | ) ( f igure 5,2d); and in 

the t r i p l e t c l u s t e r s of t h i rd type, they would be near 

( 0 , 0 , 0 ) , ( | , I ,0) and (0 , a ,0 ) (f igure 5 .2e ) . 

-3 The dipole interaction varies as R , the interaction 

effect will be negligible for dipoles situated at larger 

distances from each other. Therefore, we have considered 

only the pairs and triplet clusters of the types mentioned 

above and have neglected contributions due to other 

distant pairs and clusters. Moreover, for large distances 

(R J>> a), there should be correction factor in the 

dipole-dipole interaction but it is close to mnity for 

smaller distances as discussed in chapter II. 

For the NO2" ions in KI there are two types of 

interactions. One is between the permanent dipoles and the 

other is between the transition dipoles during the 'Og 

vibration of the NOg" ions. The interactions, between the 

permanent dipoles of the NOp" ions determines the relative 

orientations of the NOg" dipoles while the second type of 

interaction, is responsible for the coupling between the 

NOg" localized oscillations during their 'v^ vibration and 

give rise to satellite bands. The transition dipole moment 
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of the NOo" ion during its V^ vibration lies in the plane 

of the ion and is perpendicular to the permanent dipole 

direction, i,e., it is along the a axis of the ion as shown in 

figure 4.1. The NOg" ion has a permanent dipole moment of 

0.97 Debye along the ^^O) direction. Because of the twelve 

equilibrium orientations possible for the WOg" ions in KI 

lattice there will be various possible configurations of 
2 

pairs and triplet clusters. For pairs there are 12 = 144 
3 

possibilities and for triplet clusters there are 12 = 1728 

possibilities and hence for dipole-dipole interactions. 

But the number of distinct possibilities are not so large. 

There will be positive and negative interaction energies 

between permanent dipoles. Because of the possibility of 

tunneling, the ions will align in those configurations in 

which a pair or a triplet cluster will have large negative 

interaction energy. The pairs and triplet clusters with 

positive interaction energies are very unlikely energetically 

and their population would be negligible. We have cnnsidered 

the mutual interaction between the transition dipole moments 

of only those pairs and triplets clusters whjoh have large 

negative interaction energies between permanent dipoles. 

— > — ^ 

If f4, . and j£4 . are the two permanent dipoles 

and R. . is the distance between them then the interaction 

energy is given by: 
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where U •, (^ • and R. . are the uni t vectors along the ^ j ^ , 

^ ^ and^j^^ r e spec t i ve ly . ^ ^ - | ^ | j ̂ . | s i nce , | ^ ^ j ^ | ̂ j | 

and I R- -I = j ^ - j • ^o^ t r i p l e t c l u s t e r s , the i n t e r a c t i o n 

energy i s given by: 

the factorQ of ^ comes to avoid double counting* We have 

ca lcu la ted the i n t e r a c t i o n energies from expressions (5.1) 

and (5.2) for a l l possible conf igura t ions and have talcen 

i n t o account only the large negative i n t e r a c t i o n energies 

which are given in t ab le s V. l , "V.2, V.3, V.4 and V,5, . 

For nearest-neighbour pa i r s we have considered nine negative 

i n t e r a c t i o n energies , for second nearest-neighbours f ive , 

for o p e n - t r i p l e t s f ive , for c l o s e d - t r i p l e t s only th ree , 

s ince t h i s type of c l u s t e r s .are the l e a s t .probable, and 

for the t h i rd type of t r i p l e t s , we have considered f ive 

l a r g e s t negative energies between the permanent d ipo le s . 

The o r i e n t a t i o n s of the Cp axes of the NOp~ ions in pa i r s 

and t r i p l e t c l u s t e r s considered are given in t ab le s V.l -V.5, 

The '0^ v ib ra t ion of the NOp~ ion i s the loca l ized 

harmonic o s c i l l a t o r . In p a i r s two such harmonic o s c i l l a t o r s 

are coupled to each other as mentioned e a r l i e r . The equation 
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of motion for such a coupled harmonic oscillator is given by 

the expression (2.16). But in case of the NOp~ ions, 

m.=m2=m and uj ^ = cjg = cj which is equal to the frequency 

of the V vibration. The equation of motion of two such 

coupled harmonic oscillators can be written as: 

'^^T"^(4i + SJ+qi«V4]«") + 8q̂ c5̂  ... (̂.5) 

q_^ and q are the normal coordinates of the NOg" ions 

during the V^ v i b r a t i o n and B i s the coupling cons tan t . 

The l a s t coupling term can be wr i t t en in terms of 

d ipo le -d ipo le i n t e r a c t i o n a s : 

B %% = _ ' i: K /> 

nj L 
K ti ^i^n%)it^t^-%)]'--(^-^) 

where (̂.̂i ^̂ "̂  /^ 11 ^^^ ^^® transition dipole moments of 

the two ions ; I T . .. I = 3̂ ".. I is the distance between the 

centres of two dipoles and M = f^ . • Ji 

1r 
since 

are the 

unit vectors along f^-^l^ K ti ^^'^ '^'' ' respectively. 

A triplet cluster^ is equiv£i.lent to three pairs of coupled 

harmonic oscillators. The coupling is the sum of the 
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interactions of transition dipoles of the three pairs, 

which can be written as: 

n » - ' 

D 

3 
/^ -̂N / ^ ^ . •X /\ 

The distance between the centres of two dipoles can be calcu­

lated from the coordinates of the centre of mass of' the 
0 

tvjo ions v»hich can be found from the displacement (2d=0.346A) 

of the ion in KI and direction of displacement. These 

factors are known for the NOr>~ ions embedded in KI lattice 

as explained earlier. 

'Ne have calculated the coupling terms using 

expressions (5.4) and (5.5) for all possible orientations 

of the NOp" ions having negative interaction energies 

between permanent dipoles which are given in various tables 

(V.l - V.5). Por a particular pair, for instance, nearest-

neighbour pairs, whose Cp axes are along the |̂ 110j and 

[lOl] directions; /̂ '̂  can be either in the [oOl] or QoOlJ 

direction for the first ion and in the [oi(^ or [oio]direction 
2 

for the second ion. Therefore there-̂ :are 2 = 4 possibilities 

for such interactions which can be schematically represented 

as (1) Ti" (2) 4̂ 4. (3) t 4^ and (4) 4,'?. These can be 

grouped into two sets depending on the values of interaction 
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energies between the indaced dipole moments ( t r a n s i t i o n 

dipole moment)^ . of the i ons . F i r s t sand second configu­

r a t i o n s are i d e n t i c a l and th i rd and four th conf igurat ions 

are i d e n t i c a l as fa r as the i n t e r a c t i o n between the induced 

d ipo les are concerned. Therefore, there are only two d i s t i n c t 

p o s s i b i l i t i e s for i n t e r a c t i o n between the induced dipole 

moments of the NOp" ions in a p a i r . For the p a i r s whose (4 ^ 

are along the same d i r e c t i o n , for ins tance , pa i r s with 

•their Cp axes along the [ l i o ] and [^lioj d i r e c t i o n s , the 

conf igura t ion i n which the induced dipole moments are in 

opposite phase w i l l not show any infrared absorpt ion 

because of t o t a l cance l l a t i on of. the varying dipole moments. 

They may show Raman s c a t t e r i n g due to changing p o l a r i z a b i l i t y 

of the system. Such p o s s i b i l i t i e s are not there for t r i p l e t 
3 

c l u s t e r s . B'or t r i p l e t c l u s t e r s there are 2 = 8 p o s s i b i l i t i e s 

fo r i n t e r a c t i o n between the induced d ipoles because of the 

same reasons as mentioned above. These e ight p o s s i b i l i t i e s 

can be schematical ly represented as (l)T1^T(2) i i 4, , 

(3)tT4^ / 4 ) i a t . (SjTj t - r / 6 ) X t ^ , (7 ) T4. i and ( 8 ) 4 T t . 

These can be grouped in to four se t s depending on the 

values of the i n t e r a c t i o n energies between the three 

induced dipole moments. F i r s t and second configurat ions 

are i d e n t i c a l , t h i rd and four th are i d e n t i c a l , f i f t h and 

s ix th are i d e n t i c a l and seventh and e ighth configurat ions 

are i d e n t i c a l as f a r as the i n t e r a c t i o n between the Indaced 
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aipole moments are concerned. Therefore there are only four 

d i s t i n c t p o s s i b i l i t i e s for the i n t e r a c t i o n between the induced 

dipole moments of the N02~ ions in a t r i p l e t c l u s t e r , vi/e have 

ca lcu la ted the i n t e r a c t i o n energies which are given in 

t ab les V.l - V.5. The pos i t i on of a s a t e l l i t e band i s obtained 

by adding the i n t e r a c t i o n energy of the induced dipoles to 

the ^*2 band ca lcu la ted in cm" . I n t e r a c t i o n s with negative 

sign give s a t e l l i t e bands on the low frequency side of the 

'^2 band and those with pos i t ive sign give s a t e l l i t e bands on 

the higher frequency s ide . Here tlae t r a n s i t i o n dipole moment 

U^ i s an adjus table parameter. We have ca lcu la ted the 

i n t e r a c t i o n energies for var ious values of ^ ^, but f^ ^= 0.248 

Debye gave best agreement with the experimental observa t ions . 

Since there are numerous p o s s i b i l i t i e s of i n t e r a c t i o n 

energies , severa l ca lcu la ted line.', pos i t i ons corresjjond to 

a s ingle observed l i n e , ffe have given the ca lcu la ted and 

observed l i n e s in tablesV.6 and V.7 , . The agreement between 

the ca lcu la ted and observed l i n e s i s quite s a t i s f a c t o r y . 

The l ine ca lcu la ted a t 1263.76 cm""̂  (11.01 cm""̂  higher 

s a t e l l i t e ) was not observed by us since our observation 

did not extend beyond 1261 cm but Narayanamurti et a l ( l966) 
- 1 have observed t h i s l ine at 1265 cm which may correspond to 

our ca lcula ted va lue . 

The t r a n s i t i o n dipole moment i s r e l a t ed to the 
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dipole de r iva t ive by the r e l a t i o n 

where q i s the normal coordinate of the NOp" ion associated 

with i t s V v ib r a t i on . Decius (1955) ca lcu la ted the dipole 
-2 de r iva t ive for the NÔ  ion in OTO-;, and GOg ions i n CaCOj;. 

SrCOj and BaCO^. He considered the coupling between the 
-2 nearest-neighbour NO ions i n KNOg, and the COg ions in 

GaCOj, SrCOj and BaCO^ during the out-of-rplane bending 

modes of these ions . He considered the i n t e r a c t i o n s between 

the induced dipole moments of the ions in p a i r s during 

t h e i r out-of-plane bending v i b r a t i o n s . "Prom h i s data the 

induced dipole moment of the NO-r" ions in KNO^ comes oat to 

be 1.40 Debye and for the COg"^ ions in CaCO^, SrCOj and 

BaCOg induced dipole moments come out to be 1.48, 1.69 and 

1.90 Debye r e s p e c t i v e l y . For the NOp' ion i n KI the magnitude 

of the t r a n s i t i o n dipole moment comes out to be 0.248 Debye 

which i s small compared to the above mentioned systems. 

This suggests t ha t the coupling between the near^oy NOg" ions 

in KI should be weals which i s confirmed by the c lo se ly -

spaced lines- observed by us with the v fundamental 

v i b r a t i o n of the NOg" ion in KI. Small value of ^ ^ w i l l 

give small i n t e r a c t i o n energies for pa i r s and t r i p l e t 

c l u s t e r s of the NOg" ions in KI and hence the c lose ly -

spaced l ines with the v fundamental v ib r a t i on of the ion . 
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Our high r e so lu t ion s tud ies on t h i s system have resolved 

the ed-rlier con t rovers ies regarding the o r i g i n of these 

well defined sharp bands. Our s tud ies confirm that these 

bands a r i s e due to mutual i n t e r a c t i o n s between the nearby 

NOg" ions in KI and are not due to free ro td t ions or 

l i b r a t i o n s of the ions . 
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Table V.6 Observed and calculated satellite bands due to 

nearby interacting transition dipoles during ^ ) ^ vibration 

of the NOp" ions in KI on the low frequency side of the 

i ^2 band. 

^Observed 

1252.06 
1251.78 

1250.97 

1250.56 

1250.12 

1249.14 

1248.76 

1248*25 

Calculated 

1252.09 
1251.94 
1251.71 
1251.56 
1251.53 

1251.00 
1250.97 
1250.56 
1250,48 
1250.42 
1250.51 
1250.45 

1250.10 
1250,29 

1249.08 
1249.08 

1248.80 
1248,83 

1247.97 
1248.54 
1247.95 
1248.45 

, 

[corresponding 
1interact ion_2 
!energies(cm~ ) 
t r a n s i t i o n dipo3e 
1 

-0.66 
-0 .81 
-1,04 
-1.19 
-1.22 

-1 .75 
-1 .78 
-2 .19 
-2 .23 
-2.33 
-2 .24 
-2 .30 

-2 .65 
-2.46 

-3.67 
-3 .67 

-3 .95 
-3.92 

-4 .78 
-4.21 
-4.80 
-4.32 

1 type of c l u s t e r 

t r i p l e t (3rd type) 
t r i p l e t (3rd type) 
t r i p l e t (3rd type) 
t r i p l e t (3rd type) 
n,n.. p a i r 

2nd n .n . pa i r 
closed t r i p l e t 
n.n. pa i r 
open t r i p l e t 
open t r i p l e t 
t r i p l e t (3rd type) 
t r i p l e t (3rd type) 

t r i p l e t (3rd type) 
t r i p l e t (3rd type) 

n.n. pa i r 
closed t r i p l e t 

open t r i p l e t 
t r i p l e t (3rd type) 

open t r i p l e t 
closed t r i p l e t 
t r i p l e t (3rd type) 
t r i p l e t (3rd type) 

Continued.. 
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Observed 
^ -1 
cm 

1247.23 

1246.15 

1245.25 
-

-

-

-

r — 
', Calculated 

^ -1 , cm 

1247.19 

-

1245.25 
1252.64 
1252.55 
1252.51 
1252.45 
1252.42 
1252.43 
1251.26 
1249.92 
1249.97 
1249.95 
1249.36 
1249.62 

iCorresponding 
' i n t e r a c t i o n . 
energy (cm ) 

' ( t ransi t ion 
dipoles) 

-5.56 

-7.50 
-0 .11 
-0.20 
-0.24 
-0.30 
-0.33 
-0 .32 
-1.49 
-2.83 
-2 .78 
-2 .80 
-3.39 
-3.13 

» 

type of c l u s t e r 

closed t r i p l e t 

open t r i p l e t 
2nd n .n . pa i r 
n.n. p a i r 
n.n. p a i r 
n.n. p a i r 
n .n . pa i r 
open t r i p l e t 
t r i p l e t ( 3 r d type) 
open t r i p l e t 
open t r i p l e t 
t r i p l e t (3rd type) 
open t r i p l e t 
closed t r i p l e t 
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Table V.7 Observed and ca lcu la ted s a t e l l i t e bands due to 
nearby i n t e r a c t i n g t r a n s i t i o n dipoles during V j v ib ra t ion 
of the NOo" ions in KI on the high frequency side of the 

Vg band.' 

Observed 

(cm-1) 

1253.01 

1254.00 
1255.06 

1256.07 
1257.16 
1258.97 

1259.92 

» — — — 1 

'Calculated 

(cm-1) 

1252.95 
1252.99 
1253.05 
1253.08 
1252.91 

1253.94 
1255.23 
1255.30 
1254.99 
1255.05 
1254.89 

1256.11 
-

1258.90 
1259,34 
1258,89 

1259-93 , 
1252.86 
1253.65 

~ •"—•! 

Corresponding 
i n t e r a c t i o n ^ 
energy (cm ~ ) 

( t r a n s i t i o n d i -

0.20 
0.24 
0.30 
0.33 
0.16 

1 

1.19 
2.48 
2.55 
2.24 
2.30 
2.14 

3.36 

6,15 
6,59 
6.14 

7.18 
0.11 
0.90 

type of c l u s t e r 

n .n . pa i r 
n .n . pa i r 
n,n. pa i r 
n.n. .._pa,ir 
open t r i p l e t 

closed t r i p l e t 
n.n. p a i r 
n.n. pa i r 
open t r i p l e t 
open t r i p l e t 
t r i p l e t (3rd type) 

open t r i p l e t 

closed t r i p l e t 
t r i p l e t (3rd type") 
t r i p l e t (3rd type) 

open t r i p l e t 
2nd n.n. p a i r 
2n<X n\n. p a i r 

continued 
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Observed 

(cm-^) 

• ^ 

-

-

. 

r' 

1 Calculated 

: (cm-'-^) 

1255.62 
1255.56 
1255.61 
1255.71 
1256.42 
1256.36 
1256.48 
1256.76 
1263.76 

1 

iCorresponding 
l i n t e r a c t i o n -ĵ  
1 energy (c,m ~ ) 
i ( t r a n s i t i o n 
dipoles) 

2.87 
2.81 
2.86 
2.96 
3.67 
3.61 
3.73 
4.01 
11.01 

1 

1 type of c l u s t e r 

open t r i p l e t 
open t r i p l e t 
t r i p l e t ( 3 r d type) 
t r i p l e t ( 3 r d type) 
n .n . pa i r 
closed t r i p l e t 
closed t r i p l e t 
open t r i p l e t 
closed t r i p l e t 

Observed by Narayanamurti et al (1966) at 1265 cm' -1 
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Figure 5.1 Infrared absorption spectrum oi a 1mm thick Kl crystal 
containing approximately 10 ̂ ^ NO" ions cm-3 at 1.7 K in the ^, 

fundamental region; spectral resolution is about 0.05cm*"' 
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(a) 

(d) 

r^ure 5.2 Different types of pairs and triplet clusters of the HO"! tons 
in KI single crystal, (a) n.n. pair, (b) second n.n. pair, (c) optn-trlplet 
cluster, (d) closed-triplet cluster, and(e) triplet cluster of third type. 



GHAPTJI>R , VI 

TEMPERATURE DEPENEu^NCE OF HALF-.;VIDTH AND PRSwUri.CY SHIFT OP 

THE GAP MODE OP THE m^" ION IN KI / 

ABSTRACT 

The temperature dependence of the half-width and 

centre frequency of the V fundamental vibration and its 

Combination with the low frequency gap mode of the N0^~ 

ion doped in KI single crystals has been investigated from 

1.7 to 77 K. Prom this study, detailed information about 

the variation of the half-width and centre frequency of the 

'gap mcde as a function of tem^jerature has been obtained 

which can be satisfactorily explained in terms of anharmonic 

interactions of the gap mode with the host lattice phonons. 

Paper based on this study has appearediifj S.S. Khatri 

and A.l. Verma 1982 J. Phys. C; Solid State Phys. 15, 1143. 
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0,1 li^JROJJCTloN 

There has been considerdble amount of worlc done, 

both experimental and theoretical, on the temperature 

dependence of the vvidth, position and intensities of local 

and j'esonant modes of several sahatitutional impurities in 

alkali halides as reviewed in chapter II (Barker and 

Sievers 1975). Snov̂  <̂ tudies can Dro/ide useful information 

about the interactions between the localized modes and the 

lattice phonons. In contrast, hardly any such studies have 

been reported on gap modes, although gap modes have been 

observed by several workers in the past. The reason as 

mentioned in chapter I is that the difference band absorption 

of the host lattice dominates the spectral region near the 

gap and xhus filling this region at temperatures above 

, around 10 K. Therefore it is extremely important to explore 

the temperature dependent characteristics of gap modes in 

suitable systems and pee v/hether similar anharmonic 

int':! "actiô is (which are responsiole for such properties of 

local and resonant modes) could axplain the observed 

phenomenon. 

6 2 L!U?î RI [JiiYrAL RESULTS 

The infrared spect_-'jia of nitrate ion in KI between 
-1 ' 1300 and lOOO cm at 4.2 I< has been reported and its 

Complicated structure has been interpreted satisfactorily 
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(Eijnthoven and Vander Elsicen 1969). For the present s tud ies , 

the important f ea tu res of the spec t ra are the "̂ 4 fundamental 

of the """̂ NOj" ion a t 137^.50 cm"''", tha t of the ^^NOg" ion 

a t 1340.60 cm , appearing i n the spectrum due to na tu ra l 
15 accurance of the N i so tope , and the combination of the 

1 —1 

former band with the 72.92 cm" gap mode â " 144'5,42 cm"" .̂ 

The frequencies of a l l these bands are reported as measured 

a t 4.2 K, vVe have measured the temperature dependence of 

the l a s t two bands mentioned above from 1.7 to 77 K. The low 
>j 1 5 -

i n t e n s i t y sharp band due to the V fundamental of the NOg 
i so top ic species monitors the frequency sh i f t and width of 

_1 
the i n t e r n a l v ib ra t ion espec ia l ly when the 1372.5 cm 

14 -band of the NO-̂  isotope i s too intense to be measured 

accura te ly with the same c r y s t a l . Figure 6.1 shows the 

spectrum of the NOg" ion in KI in the combination band 

region at 4.2K recorded with an ins t rumenta l r eso lu t ion 
-1 -1 

of 0.05 cm . The water vapour band at 1465.01 cm was 

used to monitor the frequency sh i f t of the combination band. 

Both combination and i n t e r n a l v ib r a t i on bands show Lorentzian 

l i ne shapes and gap modes are Known to give Lorentzian 

l ineshapes . 

The temperature dependent c h a r a c t e r i s t i c s of the 

combination band has been a t t r i b u t e d to the sum of such 

c h a r a c t e r i s t i c s of the '^K fundamental and the gap mode. 

The band-width and frequency sh i f t of the '^^ fundamental 
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15 -
of the NOr, ion were subs t rac ted from those of the combi­
nat ion band at the same temperature to get these q u a n t i t i e s 
for the gap mode. The frequency sh i f t and band-width of the 

'̂ z fundamental of the N0^~ ion at a p a r t i c u l a r temperature; 

are taicen as the zero point for the frequency sh i f t ani 

band-width of the combination band at the same temperature 

and the difference i s taicen as a r i s i ng from the temperature-

dependent e f fec t s of the gap mode. ,¥ith increas ing tempera­

t u r e s , band-width of the gap mode increases whereas i t s 

frequency decreases . We have assumed tha t the r e s idua l 

band-width a t 0 K. i s a lso Lorentzian and the temperature-

dependent c h a r a c t e r i s t i c s of the '̂ ,̂ fundamentals of the 
14 - 15 — 

NOg and NOg species are i d e n t i c a l s 

6.3 DISCUSSION 

Pure potdssium iodide c r y s t a l has a gap between 

acous t i ca l and op t i ca l phonon branches and l a t t i c e v ibra t ions 

of frequencies between 69.7 and 95.6 cm~ do not occur, 

ffhen the I " ion I s replaced by the N0^~ ion, two gap modes 

a t 72.92 t 0.05 and 87.95 t o.05 cm~^ appear but no 

temperature-dependent s tud ie s were ever made on t h i s or 

any other system. In th i s work we have studied the 

temperature dependence of ha l f -wia tn and frequency sh i f t 

of the 72.92 cm gap mode in KI and have attempted to 

expla in these p roper t i e s in terms of various anharmonic 



138 

interd-ctions of the gap mode with Idttice phonons. These 

anharmonic interactions give rise to scattering of phonons 

by the gap mode and its decomposition into lattice phonons, 

and anharmonic interactions between the lattice phonons itself 

causing thermal expansion of the lattice (Khatri and Verma 

1982). 

6.4 HALF-.VIDTH 

//e have considered basically two mechanisms responsible 

for increase in the band-width of the gap mode at higher 

temperatures" decomposition processes and scattering processes 

as discussed m chapter II. In the decomposition process 

the gap mode excited state decays into one or more lattice 

phonons. Decay into one lattice phononQ is not possible for 

the 73 cm gap mode from requirements of conservation of 

energy. The most probable mode of decay for the low frequency 

gap mode (72.92 cm" ) of the NOj" ion in KI will involve two 

phonons. The temperature dependence of the halfwidth due to 

two phonon decay will have the form given by expression 2.21. 

For all possible two phonon decays, it can be written as 

a sum (Bauerle 1973) 

\ ,^. 

^ 

where delta function expresses the necessary energy conser­

vation. The above expression can also be written as 
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^^g - ^Yl ^i^l( ' '^i " " ^ j ^ ^j^l^V'^i""^':) •••(^•^) 
1. 

A is a constant. In Debye approximation for lattice phonons^ 

it can be written' as 

AC t 
kT 

^^m^^. 

Orr,C^/k' 

C X 3 / S2ch 
KT 

- X 
, s ^•^— 1 

+ 

1 
exp(^ Slch 

y 

+ i jc lX 

( 6 - 3 ) 

where •A/ = 69.7 cm i s the maximum frequency of the acoust ic 

band, SI = 72.92 cm~ i s the gap mode frequency and X = JTY" • 

This process p red ic t s a constant value a t low temperatures 

and a l i n e a r dependence on T at higher temperatures . vVe have 

ca lcu la ted the con t r ibu t ion of two phonon decay processes 

to the width from equation (6.3) in terms of constant C 

which gave a s ign i f i can t con t r ibu t ion to the half-width in 

the Cemperairure range of i n t e r e s t . 

At s l i g h t l y higher temperatures, another four th 

order process taices over which may be described as sca t t e r ing 
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of l a t t i c e phonons by the gap mode l e a d i n g to f l u c t u a t i o n s 

i n the gap moae s t a t e ( E l l i o t e t a l 1965 and Alexander e t 

a l 1970) , S c a t t e r i n g p r o c e s s e s g ive a c o n t r i b u t i o n t o the 

h a l f - w i d t h i n Debye approx imat ion , t h i s i s g iven by 

e x p r e s s i o n (2 .24 ) which i s ; 

Ar: = 

where /3 i s a coup l ing c o n s t a n t and i s p o s i t i v e and Oj. i s 

the e f f e c t i v e Debye cut off f requency as exp l a ined i n 
2 

c h a p t e r I I . This p roces s p r e d i c t s a T dependence i n the 
7 h igh t e m p e r a t u i e l i m i t and T dependence m the low tempera tu re 

l i m i t . The t o t a l h a l f - w i d t h i s g iven by the sum of (6 .3 ) 

and ( 2 . 2 4 ) . The c o n s t a n t s C, fl , and Q-^ were ad jus ted by 

n o n - l i n e a r p a r a m e t e r i z a t i o n i n the l e a s t square f i t t i n g . 

Values of C = 0.191 cm""^, /3 = 0.275 cm~^, and Q-ĵ = 24 K 

gave the b e s t f i t to the e x p e r i m e n t a l l y de termined h a l f - w i d t h 

which a re shown i n f i g u r e 6 , 2 . 

6 .5 FRliK̂ UENCY SHIFT 

Here aga in , we cons ide rc : ' -'hermal expans ion of the 

l a t t i c e and the e l a s t i c s c a t t e r i n g of phonons by gap modes 

as major c o n t r i b u t i o n s to i-he frequency s h i f t of the gap mode 
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as a function of temperature. The tempe;rature dependent 

frequency of the gap mode arising from thermal expansion of 

the lattice is given by an expression (2.26) which is: 

'"- ^ '-|feS,-(^?.) 
The meanings of the symbols are already explained in 

chapter II. Data for lattice parameter a(T) was taicen from 

Landolt-Bornstein (1973). The hydrostatic strain coupling 

constant (V „ (A^^) can be calculated from the frequency-^̂  gap Ig 
\ 15 -

stress derivatives for the '̂ r, fundamental of the NO^ 

in KI and the combination band £~'^•^i ^'^'5~'^ "*" S^P mode _7 

under uniaxial stress (Bruining and Van der Elsken 1975, 

Bauerle 1973). The lattice parameter was fitted to the 

expression 

a(T) = a(o) + a^T + a^T^ 

or 

a(T)-a(o)= a =a^T + agT^ (6.4) 

where a(o) =6,994 A, a^ = 1.016 x 10"^ A K"-^ and 

a„ = 1.573 X 10"^ A K"^. For ca lcu la t ing (X„^A^-)J 

the equations r e l a t i n g f requency-s t ress de r iva t ives "TTp" 

and various s t r a i n coupling constants for various 

d i r e c t i o n s of applied s t r e s s and p o l a r i z a t i o n of rad ia t ion 

are used (Bauerle 1973). The cv.'o equations for determining 
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(X „ (A. ) a r e 

-^P 
( ? [il l] E [ i l l ] ) ^ 0^(Ai^)(S^i +2S^2)+ | J ( T 2 g ) S 4 4 

(6.5) 

- " A T - ^^ &ll3 ^[l^o] )= ^(^ .g)(Si i+2S^2)- I 2?(T2g)S44 

. . . . ( 6 . 6 ) 

GC(A^ ) is as defined above for gap mode which is *3t-j, (A. ) 

for the fundamental and OC ( ̂  +ffa-D) ̂ "̂ le:̂  ^^^ '^^^ 

combination band and j (Tr,_) is the strain coupling constant 

related to the distortion of Tp symmetry of the lattice 
13 2 in the 0, point group of KI crystal. S.- = 38.3 x 10~ cm 

dyne"^, Ŝ g = -5.4 x lO'-'-'̂ cm̂ dyne"̂  and 3^4=270 x lJ"-̂ '̂ cm̂  

dyne" are the elastic bulic compliances (Landolt-Bornstein 

19o9) for pure KI. Equation (6.5) is for the stress P in 

the [ill] direction and electric vector E of light in the 

[ill] direction and equation (6.5) is for P in the [ill} 

direction and E in the [lio] direction. -^^-(p[ll3^, E [ill] ) 
1 1 

is 2cm~ /Kbar and 1.67 cm" /Kbar for the 'vX fundamental 

and the combination band ( -V, + gap mode) respectively 

(Bruining and Van der Elsken 197 5) and -^^(P [ll4» E[IIO] ) 
1 1 \ 

is Icm" /Kbar and 1.29 cm" /Kbar for the \L fundamental 

and the combination band respectively (Bruining and Van der 

Elsken 1975). Using these values, CC/^) „ x (A. ) and 
^ ' 'X'+ gap)^ Ig^ 
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and (X -i ^^ip-) ° ^ ^ ^® found f rom e q u a t i o n s ( 6 . 5 ) and ( 6 . 6 ) 

We o-et 

C6 
{'^) + gap 

N(A^ ) = _ 5 3 8 . 1 8 2 cm - 1 

and a 
A^. (^ig) = - 545.455 cm 

- 1 

therefore a g ^ p (^ig) =^ (^ + £' ̂ pflg) - ^ H ^ ^ g ) = ^•2'̂ ^°"^ 
- 1 

using these values , the con t r ibu t ion of l a t t i c e thermal 

expansion to the frequency sh i f t of the 73 cm" gap mode 

has been ca lcu la ted from equation (2.26) and i s shown as a 

broicen curve in f igure 6 . 3 . This shows a decrease in the 

frequency of the gap mode with increas ing temperature. 

The major con t r ibu t ion to sh i f t i n the cent ro id 

frequency of the gap mode with temperature can be a t t r i b u t e d 

to the e l a s t i c s c a t t e r i n g of the l a t t i c e phonons by the gap 

mode which in Debye approximation i s given by expression 

(2.25) as : 

^ ^ . 0 = 6 

4 
This varies as T in the low temperature limit and as T 

in the high temperature limit. The values of the coupling 

Coefficient ^ , and the effective Debye temperature 0 

needed to predict the additional frequency shift (shown by 

the dotted curve in figure 6.3) to agree with experimental 
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r e s u l t s are c5= 0.51' cm" and OQ comes out to be very 

close to 24 K as we have obtained for O-Q. Therefore, we 

have taicen OQ = -24 K. The f u l l curve (f igure 6.3) shows the 

sum of the con t r ibu t ions due to s c a t t e r i n g and thermal 

expansion, 1B., the t o t a l frequency s h i f t /~/\AJ) = \)„^(0) 

V?„ov̂ ('̂ )̂ 7 which i s in reasonable agreement with the gap -

experimental ly observed behaviour. Therefore s imi la r anhar-

monic processes are responsible fo r the temperature-dependent 

e f f ec t s for the gap modes which are responsible for l oca l modes 

The increase in the half-width of the gap mode at 

h igher temperatures can be explained i n terms of the 

s c a t t e r i n g and decomposition processes . The s c a t t e r i n g 

mechanism dominates a t higher temperatures but the two 

phonon-decay process con t r ibu te s s i g n i f i c a n t l y at low 

tertiperatures. The decrease in the frequency of the gap mode 

with increase in temperature can be explained in terms of the 

s c a t t e r i n g processes and thermal expansion of the l a t t i c e . 

The Contr ibut ion of l a t t i c e thermal expansion i s qu i te small 

compared t© tha t of the s c a t t e r i n g processes a t a l l 

temperatures . 

We have obtained the values of Q^ and Q^ ^A V 

This implies s imi l a r phonon d i s t r i b u t i o n s ac t ive in the 

con t r ibu t ing physical processes . The value 24 K for ©-̂  and 

©Q i n d i c a t e s coupling to only long wavelength acoust ic 

phonon modes. The values of the coupling constants /=> and S 
-1 -1 

are obtained as 0.275 cm and 0,51 cm re spec t ive ly . 
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These are small compared: to those ohtaired for m-hand 

resonant modes. This i nd i ca t e s tha t the gap modes couple 

wealcly to the l a t t i c e phonons compaj-cr* t j Vnc in-band 

resonant modes. 
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-1 able VI.1. Half-width A T of the 73 cm""̂  gap mode of the 

Oj ion i n KI 

3mperature 

T(K) 

1.7 

4 . 2 

5 . 5 

7 . 0 

1 0 . 0 

11 .0 
14 .5 

16 .0 

2 0 . 5 

2 1 . 5 

25 .0 
2 7 . 5 

31 .0 

32 .0 

3 6 . 0 

3 7 . 5 

• 

Hal f -wid th 
- 1 m cm 

0 .15 

0.16 
0.17 

0 .18 
0 .185 

0 .19 

0 .20 

0 .195 -
0 .21 

0 .225 

0 .25 
0 .24 

0 .27 

0 .26 

0.32 

0 .29 

[Temperature 
T(K) 

4 3 . 0 

4 3 . 5 
5 0 . 5 

52 .5 

55 .0 

58 .0 

60 .0 
6 0 . 5 

6 2 . 5 

65 .0 

67 .5 

7 0 . 0 

74 .0 

75 .0 

77 .5 

?Half-width 
' . - 1 ; m cm 
t 
1 

0.35 

0.36 
0.40 

0.38 
0.45 

0.48 
0 .55 

0.57 

0 .575 

0.58 

0.65 

0 .70 

0 .715 
0.74 

• 0 .775 
1 
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- 1 Table 7 1 . 2 . Frequency s h i f t I\r0 of the 73 cm" gap mode 

of the NOg" ion i n KI. 

Tempera ture 

T(K) 

1.7 

4 . 2 

5 . 0 

10 .0 

14 .5 

20 .5 

25 .0 

32 .0 
37 .5 

4 3 . 0 

IPrequency 
[ sh i f t _^ 
1 i n c m~ 
1 

0.00 
0.02 

0.04 

0 .05 
0.06 

0.08 
0 .105 

0.20 
0.22 

0 .25 

' 

I Temperature 

I T ( K ) 

50 .5 

52 .5 

55.0 

58.0 

60 .0 
62 .5 

65 .0 
70 .0 
74 .5 

77 .0 

1 Frequency sh:'.f -

,' i n cm""̂  

0 .31 

0.28 
0.34 

0.38 
0.395 

0.45 

0.40 
0.49 

0.52 

0.475 
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FREQUEUNCY (CM ' ) 

Figure 6.1 Infrared absorption spectrum of a 10 rrm thick crystal containing 

approximately 10'' HQZ Ions cm'^ at ^.2 K in 

spectral resolution is about 0.05 cm' •1 

the A?̂  and gap mode region» 
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Figure 8.2 Temperature dependence of the half width of the gap mode. The dotted 
cifl-ve repre^tts the calculated contribution of the twô >honon decay along with 
the temperature Independert contributions due to local strain etc. The chain curve 
represents the contribution from the phonon scattering process with 6^=24 K. 
The full curve is the resultant of the other two curves. 
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Figure 6.3 Temperature dependence of the frequency shift A>̂ =:'N̂ 9&pQ0)'>̂ 9̂̂ (T) 
for thft 73cnf1 gap mode.The broken curve represents the contribution from 
tattice thermal expansion. The dotted curve represents the contribution from 
tire phohon scattering process with S^=2AK. The full curve Is !he resultant of 
the otfeJMT- t4fO curves. 



CHAPTLR VII 

CONCLUSIONS 

In chapter I, we have outlined the unresolved 

controversies about the motional states of the NOg" and 

NOg" ions doped in KI single crystals. In spite of several 

studies made on the KI:NOp~ system, the motional states and 

pair modes of the N02~ ion in KI could not be resolved 

experimentally by earlier workers and therefore this system 

was very poorly or wrongly understood. Moreover, there was 

nu tem,perature-variation study reported earlier on the gap 

modes of any system and therefore the mechanism of interaction 

of gap modes with host lattice phonons was unclear. In this 

chapter, we have outlined the importance of the studies 

undertaken in this dissertation and hsve been able to 

understand these systems rather satisfactorily.-

We have given general experimental and theoretical 

background in chapter II in order to understand the different 

kind of motional states and localized modes of ions substi­

tuted in alkali halides. Different theoretical models have 

been described and important experimental techniques to 

probe these motional states have been discussed. By and 

large, the infrared techniques have yielded much more 

information than any other technique in this field. 
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Chapter III deals with the techniques of sample 

preparation, modified instrumental arrangement to attain 

higher resolution and the helium cooled detector etc. It is 

evident that in order to' resolve the closely-spaced lines 

and probe subtle effects, a very careful preparation and 

choice of samples and use of proper experimental arrangement 

is extremely important. 

In chapter IV we have studied the tunneling motion 
that 

of the NOg ion in KI. Our studies show/the experimental 

result for the tunneling of the NOp" ion in KI host can be 

understood quite satisfactorily on the basis of the GBK model. 

From the present study, it is evident that the motional 

states of the NOg" ion in KI lattice are very complex 

compared to that in other alkali halide hosts. In other 

alkali halide hosts, such- as KCl (Narayanamurti et al 1966), 

motional states of the NOp" ion can be understood in terms 

of rotations of the ion about the three principal axes (a,b,c) 

since the centre of mass of the NOg" ion coincides with the 

centre of the cavity. However,, in the KI lattice, because 

of the displacemant of the centre of mass of the ion, the 

picture appears more complicated. The tunneling motion of 

the ion in KI is not merely rotational in character but is a 

combination of translation and rotation. The tunneling of the 

NOg~ ion among various equivalent wells in KI is similar 

to that of monatomic off-centred ions. The tunneling motions 
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of the ion associated with the matrix elements f4> and (X can 

be understood in terms of rotations about the a and c axes 

respectively along with translational motion, but in case 

of Tf and V , it is much more complex. 

In the present studies we have found that the 

matrix element f^ (90° tunneling) is the largest, T̂ (180° 

tunneling) also contributes significantly whereas 1"? (60° 

tunneling) is less important and the contribution from 

iP (120° tunneling) is almost negligible. In these calcula­

tions we have not considered the effect of lattice distortions 

around the NOg" ion in KI. The effect of distortion is to 

renormalize the tunneling matrix elements (Shore and 

Sander 1975). During the tunneling motion the distortions 

must follow the impurity motion. In case of the NOp" ion in 

KI it is possible that for the 60° and 120° tunnelings the 

distortion may not follow the impurity motion and hence 

making these tunnelings less probaDle . 

Using one-dimensional approximation for tunneling, 

barrier heights associated with different types of tunneling 

motions have been calculated. Tha barrier heights obtained 

here are large compared to those obtained for the N0p~ 

ion in other alkali halides by Narayanamurti et al (1966) 

which is mainly due to the complex nature of tunneling 

motion of the NOp" ion in KI. In the present study, our 

aim was to understand the tunneling behaviour of the ion 
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in KI and could understand this complex behaviour quite 

satisfactorily with the available experimental data. Higher 

frequency librational modes for the KIiNOg" system are 

predicted and their observation could lend further support 

fcrr the model used in this study. 

In chapter V, we saw" the effect of increasing the 

concentration of the NOp" ions in KI. Many sharp bands appear 

near the "v^ fundamental of the NOp" ion in KI. The origin 

of these bands was satisfactorily explained on the basis of 

a model of coupled harmonic oscillators -whreore. the coupling 

is brought about by the interactions be4;weeii the transition 

dipole moments of the ions during their '̂ r, vibration. 

Prom this study we could estimate the magnitude of the 

transition dipole moment of the NOp" ion during 'V̂g vibration 

to be f̂-t ~ 0*248 Debye which is small compared to those 

obtained for other systems like the NOg" ion in KNOg and 

-2 

COj ion in CaCOj, SrCO-, and BaCO„. In these systems the 

value of the induced dipole moments range from 1.48 to 1.9 

Debye. The small value of transition dipole moment of the 

N02~ ion in KI can be correlated with weaker intensity of 

the "Vg fundamental vibration of the NOp" ion compared to 

other ions quoted above. Small value off^^ for the NOp~ ion 

in KI would also provide -rather weaker coupling between 

nearby ions in pairs and triplet clusters giving rise 

to closely-spaced lines. 
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In the e a r l i e r s tud ies on the KI:NOp system with 

large concentra t ions of the NOp~ ions in KI (-—' 10 ions cm" ), 

Narayanamurti e t a l (1966) were not able to oberve these 

bands. However, they observed few bands at h igher frequencies 

but Could not understand the o r ig in of those bands. Prom 

the present s t u d i e s , i t i s evident tha t these well-resolved 

lands a r i s e due to mutually i n t e r a c t i n g ions in pa i r s and 

t r i p l e t C l u s t e r s . Prom t h i s study, the importance of high 

r e so lu t ion work i s evident for proper understanding of the 

often observed broad bands and complicated s t r uc tu r e s near 

fundamental v ib ra t ions of molecular ions i n s o l i d s . 

In chapter VI we have studied the temperature 

dependence of the half-width and frequency of the 73 cm 

gap mode of the NO "̂ ion in KI. We could expla in these 

e f fec t s in terms of var ious anharmonic i n t e r a c t i o n s of the 

gap mode with l a t t i c e phonons. Prom the present st-udies 

i t i s evident tha t out of the two l ine-broadening mechanisms 

for the gap mode, the s ca t t e r i ng mechanism dominates a t 

h i ^ e r temperatures while the two-phonon decay mechanism 

con t r ibu tes signi:^icantly at low temperatures . Major 

con t r ibu t ion to the frequency sh i f t of the gap mode comes 

from s c a t t e r i n g mechanism a t a l l temperatures while 

con t r ibu t ion from thermal expansion i s very small upto 

77 K. Both of the processes decrease the frequency of the 

gap mode with increase in temperature . 
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The ef fec t ive Debye temperatures needed to f i t the 

ca lcu la ted values of d i f fe ren t con t r ibu t ions to the 

l ine-wid th and frequency sh i f t with the experimental data 

ind ica t e s a l i m i t to the d i s t r i b u t i o n of phononstaking part 

i n the p a r t i c u l a r mechanism under cons idera t ion . The best 

value of the e f fec t ive Debye temperature to explain the 

frequency sh i f t and half-width of the gap mode i s obtained 

as 24 K. This implies a p a r t i c i p a t i o n of s imi l a r type of 

phonon d i s t r i b u t i o n of the host l a t t i c e in the contr ibut ing 

phys ica l processes . The values of the coupling coe f f i c i en t s 

to explain the data for the gap mode of the NOj" ion in KI 

are /3 = 0.275 cm" and <5 = 0.51 cm" . For comparison 

purposes with the in-band resonant modes i n systems l i ke 

KBr:Li"^, .NaCliCu"^, KI:Ag"^ e t c . (Alexander et a l 1970), the 

va lues of e f fec t ive Debye temperatures for these systems 

vary from 25 to 33 K, coupling constant /3> from 2 to 12 cm" 

and ^ from 1 to 3 cm" . Smaller values of the coupling 

constants S and ^ for the gap mode of the NOj" ion i n KI 

compared with the in-band resonant modes of these quoted 

systems ind ica t e t ha t the resonant modes couple more 

s t rongly to the l a t t i c e phonons than the gap modes. Near 

s i m i l a r i t y of the ef fec t ive Debye temperatures i n a l l these 

systems for gap and resonant modes suggests tha t they 

couple to nearly a s imi la r type of d i s t r i b u t i o n of long 

wavelength acoust ic phonons of the host l a t t i c e . 
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