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SUMMARY 

DmAMICAL PROPERTIES OF POINT DEFECTS IN METALS 

The study of dynamics ot irradiation-produced point defects: 

seit-interstitial atoms (SIAs) and vacancies is ot fundamental 

importance in understanding of various physical properties of 

irradiated metals. Of special interest, is the vibrational 

frequency spectra of the defect and a few of its neighbours. The 

presence of point defects in crystal is reflected on the 

vibrational frequency spectra, which are different from those of 

the Ideal lattice atoms. The present thesis discusses the 

dynamical properties of self interstitials and vacancies in cubic 

metals. A semi-empirical potential, called the embedded atom 

method (EAM) potential m fee metals has been determined. The 

local frequency spectra of SIAs in Cu, which is a typical fee 

metal, is discussed on the basis of this new potential. The local 

frequency spectra of SIAs and vacancies in bcc metals are also 

discussed on the basis of the Johnson and Wilson (JW) potentials 

LIJ. 
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Chapter I contains a brief introduction to the thesis 

emphasising the generation ot the EAM potentials m fee metals 

and also various physical properties of the solid containing 

point defects. The advent ot new potentials like EAM potentials 

or N-body potentials replaces the empirical pair potentials and 

helps to calculate many properties of metals where the electronic 

contribution plays important role. Regarding the vibrational 

frequency spectra of SIAs, a number of characteristic defect 

modes: the low-frequency resonance modes and the high-frequency 

localized modes are discussed. The effect of resonance modes on 

some thermodynamic properties and elastic constants of the defect 

metals are pointed out. The local frequency spectra of the first 

and second neghbours of a vacancy do not show the presence of 

characteristic modes but the frequency spectra of the first 

neighbours shift towards the lower frequency region of the 

spectrum. Formation entropy of a vacancy is also discussed. 



In chapter II we have generated the EAM potentials tor tec 

metals. These potentials are based on the electron density 

tunctional theory developed by Daw and Baskes L2J. The EAM 

potential consists ot two parts: (i) the embedding function, 

which IS the energy required to embed an atom m the tield ot 

the other atoms and (ii) the pair part, trom the repulsion ot 

atomic cores, which is ot the Morse form. The new potential can 

explain various types ot perfect crystal properties as well as 

defect properties in metals like vacancies, crack-tips, alloys, 

surfaces etc. In the present work the embedding function has been 

chosen trom the one used by Banerjea and Smith L3J 

F (p) = F(p ) I 1- ,. ml |! (1) 

^ L I ̂^̂  J J I ̂ . J 

where c is the electron density at a lattice site which is due to 

the contribution from all other atoms, except the particular atom 

at the lattice site. The pair part is 

s (r) = D e o - 2e o j (2) 



The different potential parameters /, D, a, r are fitted to 

elastic constants, vacancy formation energy, cohesive energy and 

lattice constant, in a third neighbour model. The generation of 

the EAM potentials becomes complete when all the potential 

parameters are obtained. The generated potentials are then used 

to discuss the divacancy binding energy, the low-indexed plane 

surface energies and phonons for six fee metals : Cu, Ag, Au, Ni, 

Pd and Pt. The obtained phonons in the present study are in good 

agreement with experimental phonons in Cu, Ag and Ni but in the 

case of Au, Pd and Pt the agreement is not so good. The obtained 

phonons are then used to discuss the density of state and thermal 

displacement of an atom in Cu. 

In chapter III we have introduced the density of states, the 

Greens fucntion and the local density of states. The density of 

state Z(u:.) is given by 

Z('-) = TT^r- > -̂'(̂ •̂, - •-) (3) 
3N L kc 

where u3, are phonons frequencies and N is the number of atoms in 
Kry 



the solid. The density of state is also expressed in terms of 

Green's function as L4J 

2MM. V 
Ẑ --) = T^T— Iin> G (l,l;.u) (4) 

where G (l,l;-u) is the diagonal element of the same site Green's 

functions of the lattice. The local density of state of an atom at 

site 1 in the .^-direction is 

Z (l,u.) = — ' — imG (1,1;....) (5) 
a ,7 aci 

The total spectrum of the lattice is the sum of local frequency 

spectra of all atoms in the lattice. The concept of the local 

density of states is quite useful in the study of defect dynamics 

because the vibrational behaviour of the defect and its 

neighbours are affected most so that the local density of states 

of the defect site show the excitations of some characteristic 

defect modes : the low-frequency resonance modes and the 

high-frequency localized modes. 



The local density of states are quite useful in calculating 

the various properties of of the defect crystals. The change m 

various thermodynamic quantities of a crystal can be expressed in 

terms of the local density of states easily. The mean square 

thermal displacement is expressed as 

2 
<u > = 

Z (l,Lu) 

M... 

(>.u,T)du (6) 

where £ Uu,T) = coth 
2kTl 

The vacancy formation entropy can be expressed in term of a 

change in the frequency spectra and is give by : 

S = kj o (.u,T)̂ Z(̂ v)du 

o 

ki > (Z(d,.u) - Z(uu) )o-'(u. ,T)du (7) 

where :,-(....,T) = 1 - In 

vacancy. 

kT~ 
, and d stands for neighbours of 



In Chapter IV the local density ot states of <100>-dumbbell 

has been discussed m tec metals, using Green's function method, 

with copper as a typical example. The EAM potential has been used 

to calculate the ideal lattice force constants and the force 

constants changes m the defect space, using a second neighbour 

force model . The defect space is divided into different 

irreducible representations and many characteristic modes have 

been obtained at different frequencies in Thz: the resonance 

modes are E (2.74), A, (b.bb) and E (3.12); the localized modes 
g 2u u 

are A (11.08). Eg(12.94), E (13.16). But when the experimental 
Ig u 

phonons based force constants are used m the calculations of the 

Ideal lattice Green's functions, and the EAM potential is used to 

calculate the defect lattice force constants,the resonant 

frequencies are E (1.62), E (2.20) and the localized modes are 
g u 

A (7.30,14.06), A (7.36). The use of EAM potential in the 
ig 2u 

dynamic-defect calculations has been done for the first time and 

could reproduce the defect modes. The presence of low frequency 

resonance modes also explains the reduction m shear moduli and 

the long-range migration of the SIAs at low temperatures. 



In Chapter V we have calcuiated the local density of states 

ot <110>-dumbbell in bcc metals: a-Fe, Mo and W using the Green s 

function method. Two sets ot force constants have been used to 

calculate the ideal lattice green"s function (i) from the (JW) 

potentials and (ii) from the experiments based phonons. The 

force constant changes m the defect space have been calculated 

from the JW potentials. In both the cases many characteristics 

defect modes have been obtained at different frequencies when the 

JW potentials are used consistently the resonance modes occur at 

: B (1.68), B (2.18), B, (2.70), B^ (0.59) and the localized 
Ig lu 2u 3u 

modes at A (11.32), B. (11.32), B, (11.70), B^ (16.88) for o-Fe; 
g Ig 2u 3u 

similarly the resonance modes B^ (2.16), B, (3.28), B„ (2.64), 
2g lu 2u 

B (2.16) and the localized modes at A (9.70, 16.28), 
3u g 

B. (9.38,15.62), B (lb.85), B (9.58), B^ (13.72) for Mo; also 
Ig lu 2u 3u 

the resonance modes B (1.14), B (2.28), B^ (1.82), B., (1.38) 
2g lu 2u 3u 

and the localized modes at A (8.04,13.92), B, (8.14), B, (13.54), 
g Ig ^g 

B (13.72), B^ (8.30), B (11.76) for W. When the experimental 
lu 2u 3u 

phonons are used, the resonance modes are: for a-Fe, B (2.42), 

B (1.86), B. (3.08), B^ (3.26), B^ (1.88) and the localized 
2g lu 2u 3u 



modes a t A ( 9 . 3 7 , 1 0 . 9 9 ) , B, ( 1 0 . 9 4 ) , B . ( 1 1 . 2 4 ) , B ( 9 . 4 6 , 1 6 . 1 0 ) ; 
g I g Z\x in 

for Mo the resonance modes B (1.39,7.995), B„ (2.73), B (3.bb), 
ig 2g lu 

B,, (3.11), B^ (2.59) and the localized modes at A (8.26, 12.77), 
2u 3u g 

B^ (12.17), B, (12.38), B,, (8.07), B„ (10.965); tor W the 
2g lu 2u 3u 

resonance modes B^ (1.98), B, (2.78), B (2.18), B (1.86) and 
2g lu 2u 3u 

the localized modes at A (7.30,12.12), B, (7.34), B (11.84), 
g Ig 2g 

B, (12.00), B„ (7.46), B,, (10.40). 
lu 2u 3u 

The obtained local frequency spectra are then utilized to 

calculate the mean square thermal displacements of the dumbbell, 

m all the three metals and with both sets of force constants 

used. The results show an increase in thermal displacements as 

compared to that of the host atom, especially in the case of 

a-Fe. This is the result of low-frequency resonance modes. The 

resonance modes also explain the long range migration of SIAs a: 

low temperatures. 

In Chapter VI we have calculated the local frequency spectra 

of the first and second neighbours of vacancies in a-Fe, Mo and W 

using the same Green's function's method and following the same 



procedures regarding the force constants and force constant 

changes as done in the case of SIAs. It has been found that there 

is a significant shift of the density of states towards the lower 

frequency in the spectra of the first neighbours as found by 

Hatcher et al \_b\ in Cu, whereas the spectra of second neighbours 

resemble those of the respective host spectra in the case of Mo 

and W but in the case of a-Fe the second neighbours' spectra 

shift towards the higher frequencies when the lattices are 

allowed to undergo relaxation. The vacancy formation entropy also 

are calculated from the local frequency spectra in all the three 

metals for the case of relaxed lattices and also for unrelaxed 

lattices. The values of the vacancy formation entropy for relaxed 

lattice when the JW potentials are used consistently are : a-Fe 

(1.559k), Mo(2.25k), W(3.199k), but when the experimental based 

phonons are used, we get a-Fe (1.48bk) , Mod.94k) and W {2.446k). 

In the case of unrelaxed lattices the values are: a-Fe(2.043k), 

Mod.61k), Wd.921k) when JW potential is used and they are 

a-Fed.646k), Mod,69k), W(2.143k) when experimental phonons are 

used. In general, the obtained values of formation entropy are 

comparable to those obtained by others. 

10 
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INTRODUCTION 

A perfect crystal is a solid where each lattice point is 

occupied by a basis and such a crystal can be realized only at 

absolute zero. Due to various factors, a solid deviates from 

perfect crystallinity and becomes an imperfect solid. Any form of 

imperfections introduced into a solid is called a defect. A 

defect may be in the form of configurational disorder which may 

be caused by the presence of thermal energy in the crystal or by 

exposure of the crystal to some form of radiations. It a defect 

is confined to a point only, it is called a point defect : viz., 

vacancies, substitutional impurity, and interstitials. A vacancy 

is formed when an atom is missing from a lattice site, a 

substitutional impurity is due to the presence of a foreign atom 

at the lattice site and the interstitial is the atom which 

occupies a position in between lattice sites or interstice of a 

crystal and if the interstitial atom is coming from one of the 

host atoms, it is called self-interstitial; vacancies and 

self-interstitials are known as intrinsic point detects. A 

typical feature of point defects is that they violate only a 



slaort range order within the crystal. Besides point defects, 

there are some other defects : viz., line defects, e.g., 

dislocations and other extended defects like surfaces etc. In 

this thesis we are concerned only with the properties of the 

intrinsic point defects in cubic metals. 

The presence of defects in solids changes their properties 

drastically, i.e., many important properties of the solids are 

controlled by the defects rather by the nature of the host. For 

example, when a pure semiconductor is doped with impurities, it 

exhibits a remarkable increase in the electrical conductivity 

contributed by the impurity atoms than by the host atom and which 

leads to various transistor actions; the colour and luminescence 

of many crystals arise from the presence of impurities or 

imperfections; atomic diffusion may be accelarated enormously by 

impurities or imperfections; mechanical and plastic properties of 

a material are usually controlled by imperfections; further, when 

a trace of Cr ions are added to Al 0 crystal makes the latter 

to acquire laser property. These are few examples illustrating 

the importance of defects in solids which play a very important 



role in the advancement of Science and technology. When a 

substitutional impurity is present in a solid, besides the change 

in mass, force constants and phonon's spectra, there is a drastic 

change in the local vibrational frequency spectrum of the 

impurity which is different from spectrum of the host. The 

appearance of some characteristic modes within the band frequency 

called resonance modes and other sharp modes occuring above the 

band called localized modes play vital role in the properties of 

the defective solid. Both resonance and localized modes appear in 

the form of some resonant peaks; resonance modes are produced 

when the defect is vibrating with some vibrational frequencies 

which are already present in the host whereas the localized modes 

produced by the defect can not propagate in the crystal and 

thereby become localized in nature. The vibrational properties of 

substitutional impurity has been studied extensively by a large 

number of workers in a number of impurity-host systems in 

different types of solids as discussed in many reviews 11-5J. 

Compared to substitutional impurities the theory of 

vibrational properties of intrinsic point defects is less 



developed. However, ot late the situation is changing and the 

study of the properties of SIAs in metals have been carried out 

extensively, especially in the case ot fee metals regarding their 

structures, energies and dynamics. In order to study the 

dynamical properties of the defect, the stable structure of the 

SIAs in different metals should be ascertained. The 

split-interstitial or dumbbell configuration seems to be the most 

stable in cubic metals. In this configuration the lattice is 

shared by two atoms placed symmetrically about it and aligned 

along one of the primary axes in the lattice. The axis of the 

dumbbell lies along <100> for fee metals and along <110> for bcc 

metals. In fee metals the <100>-split configuration was found to 

be the most stable configuration by various computer simulation 

studies [6-9] and different experimental techniques : diffuse 

X-ray scattering L10-13J, elastic after effect and internal 

friction [14,15], magnetic-after effect [16] and change in 

elastic constants [17-19]. The <110>-split configuration has been 

found to be the most stable for many bcc metals in various 

experimental studies [12,19,20-28] and computer simulation 

studies [29-33]. 



In the study ot the vibrational properties of intrinsic 

point defects m metals, the quantity which is very important and 

affected most by the presence of the defects {SIAs and vacancies) 

IS the local frequency spectrum ot the defect. The most 

characteristic feature of the defect spectra consists m the 

appearance of resonant type peaks corresponding to defect modes, 

the low-frequency resonance modes and the high-frequency 

localized modes as m the case of substitutional impurities 

mentioned earlier. Further, the presence of defects produces a 

distortion m the lattice around the defect site which extends 

over a few neighbours. The distortion results m the alteration 

in the positions of the atoms m the defect space which gives 

rise to a change in force constants. The change m force 

constants results m important changes m the frequency spectrum 

of the solid reflected through local frequency spectra of the 

detects and their neighbours. From the local density of states of 

the defect and its neighbours, many important physical properties 

ot a defective solid can be calculated. 



From the theoretical point of view, there are many methods 

through which the vibrational spectrum of the defect and the 

host atom can be calculated. Some of the methods which can 

be employed are: Green's function method [34-36J, cluster 

method, molecular dynamics [6,8] and recursion method [37-39]. 

The latter two methods are suited only to calculate the local 

frequency spectrum of the defect and detailed calculations of 

physical properties of the defect crystal is not possible. On the 

other hand the Green's function method has been widely used to 

calculate the various important physical properties of the defect 

crystal. In tact the physical properties are expressed in terms 

of the defect lattice Green's functions. The Green's function 

method basically involves a form of perturbation expansion of the 

defect Green's function in terms of the perfect lattice Green's 

function. Due to its simplicity and effectiveness the Green's 

function method will be used in the present work to calculate the 

local density of states of the defect in the case of SIAs and the 

neighbours in the case of vacancies. The imaginary part of the 

same site Green's functions gives the local density of states of 

the atom concerned. In order to calculate the defect lattice 



Green's function and also some other properties of the defect, a 

proper choice of suitable potentials is necessary. In the earlier 

studies of the dynamics of point defects in metals, different 

types of empirical pair potentials have been used. These pair 

potentials were able to explain many physical properties of the 

defects in cubic metals, though most of the time the focus of 

attentions has been the fee metals. The early works in metals 

using empirical potentials has been reviewed by Johnson 130,40J. 

Dederichs et al [42-44] have used Born-Mayer potential, Morse 

potential and modified Morse potential to discuss the various 

static and dynamical properties of point defects in fee metals 

L42-44J. For bcc metals the spline fit potentials L40J have been 

found to be more suitable. Especially the Johnson and Wilson (JW) 

potentials are found to be suitable for static 133,45] and 

dynamic 146-48J properties of point defects in bcc metals. 

However, it is obvious that the empirical pair potentials are 

adequate in modelling the interatomic interactions in metals, 

especially the many body effects causing deviation from Cauchy 

relation C.,= Ĉ  . However,with the advent of new semi-empirical 
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approaches like embedded atom method (EAM) [49,50] and N-body 



potentials IbiJ, the situation has changed and many more 

properties ot metais including properties o£ point defects have 

been discussed using these potentials lbi!,b3J. However, these 

potentials have not been utilized tor the discussion of dynamical 

properties oL point defects m metals. One of the aims of the 

present work has, therefore been to use these new potentials to 

discuss the dynamical properties of intrinsic point defects m 

metals. 

In any dynamical study ot point detects , apart from force 

constants changes the important information needed is the perfect 

crystal phonons. In case of metals the perfect lattice phonons 

are usually obtained on the basis of Born-von Karman models 

fitted to measured phonon dispersion m neutron scattering 

experiments. In such cases the force constant changes are 

adjusted m an adhoc way on the basis of some other experimental 

measurements or they are determined with the help of empirical 

pair potentials. Altenatively, the pair potentials are obtained 

for individual metals through an empirical fit of some well known 

experimental quantities e.g., elastic constants. Once empirical 

pair potentials are determined they may be used both for perfect 



crystal description as well as tor calculating force constant 

changes near the defects. The use of empirical pair potentials 

have been quite common m the study of vibrational properties of 

metals containing point detects. 

Extensive studies have been carried out regarding the 

properties of <100>-dumbbell interstitials m fee metals 

[42-44,46,b4-b/J, especially with the local density of states of 

the dumbbell and other related properties. The occurrence of some 

typical detect modes : the low-frequency resonance modes and 

high-frequency localized modes in the local frequency spectrum of 

the <100>-dumbbell plays vital role to explain various important 

quantities related to the defect crystal. The occurrence of 

resonance modes have been confirmed by differrent experimental 

techniques m Cu and Al 168-70] , though m some cases the 

evidence ol resonance mode m Al is absent. This demands a 

rigorous theoretical investigation of the dynamics of the SIAs, 

especially the local frequency spectrum of the defect and its 

neighbours. Using the local density of states of the dumbbell, 

many thermodynamical properties can be calculated, of which the 



detailed account has been given m reviews 146,54,59,64J. 

Foiiowmg the earlier works by Ram, we are using the Green's 

tunction method to study the dynamical behaviour ot the 

<100>-dumbbell in fee metals with the application of the EAM 

potentials to calculate the force constants of the ideal lattice 

and also the force constant changes m the vicinity of the defect 

to calculate the detect lattice Green's tunction. The EAM 

potentials consist ot the embedding function and the Morse form 

ot potential as a pair part. This is to extend the utility ot 

these potentials m the dynamical studies of point defects m 

metals which have not been used so far.To examine the suitability 

of the potentials. Green's functions for the ideal lattice is 

also calculated from force constants fitted to experimental 

phonons m Cu 171J . 

As tar as the dynamics ot bcc metals metals are concerned, 

comparatively, less attention has been paid. Extensive study ot 

the dynamics of <110>-dumbbell m bcc metals is still lacking, 

though the symmetry, structure and position of the dumbbell are 

known at least in a-Ve, Mo and W. Recently Ram L47J has 
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calculated the local frequency spectrum of the <110>-dumbbell in 

Mo by using the Green's function method and have found the 

occurrence of the low-frequency resonance modes and 

high-frequency localized modes as m the case of fee metals. This 

work was later on extended by Blah C-L ̂ C L48J to calculate tne 

local frequency spectra of the neighbours of the defect and it 

was found that the same resonance and localized modes occur as 

found m dumbbell spectrum but the amplitudes of vibration of 

atoms IS much reduced. In this work we want to extend the 

calculation of the local frequency spectra of the <110>-dumbbell 

to c\-Fe and W to have a better outlook of the behaviour of the 

normal bcc metals. In this context the JW potentials which was 

used to calculate the force constant changes in the vicinity of 

the defect are also used to calculate the ideal lattice Green's 

functions and as such the calculation of local density of 

states of the dumbbell is repeated for Mo also. Following the 

earlier works L47,48J m Mo, the ideal lattice Green's functions 

are also calculated from the force constants obtained from the 

experimental phonons fit to the Born-von Karman model for Mo 

L72J, W L74J also. Then there are two sets of calculations of the 
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defect Green's functions (i) from the consistent use of the JW 

potentials and (ii) trom the experimental phonons- The local 

density ol states of the dumbbell are then used to calculate the 

mean-square displacements of the dumbbell m both the cases tor 

all the three metals. 

The discovery of the low-frequency resonance modes of SlAs 

is one of the important developments in the field of studies of 

radiation damage in metals, Dederichs 142-44J has explained the 

occurrence of resonance modes m terms of highly compressed 

atomic arrangement in the lattice around the interstitial. In 

general the distance between the interstitial and its neighbours 

is considerably smaller than the nearest-neighbour distance in 

the Ideal lattice and consequently there is a strong repulsion 

between the atoms m the defect space leading to very high force 

constants compared to the ideal lattice nearest-neighbour force 

constants and as such the occurrence of high-frequency localized 

modes is understandable but the simulteneous occurrence of the 

defect characteristic modes can not be understood so clearly .The 

ocurrence of resonance modes within the in-band frequency spectra 
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have facilitated the explanation of most intriguing behaviour of 

the interstitials e.g., their high mobility at low temperatures 

L44,46,b4,bbj. The resonance modes are quite important in 

understanding the various physical properties of the irradiated 

metals. They explain the large experimentally observed changes m 

elastic constants L63J. Further, the resonance modes explain some 

important thermal properties of the irradiated metals, e.g., the 

increase m the specific heat and the large increase m 

thermal displacements Lb9,60J. The large thermal displacements 

associated with the low-frequency resonance modes result in sharp 

reduction in Debye-Waller factor as has been found out m the 

Mossbaeur measurements of irradiated metals by Vogl ei at L75,76J 

and Marangos ^i at L'/7,78J. The presence of the resonance modes 

also lead to drastic changes m phonon dispersion curves as 

commented by Wood and Mostoller [bl] and Schober et al [bbJ. 

Besides the study of the dynamics of SIAs m cubic metals, 

the dynamics of vacancies are also important m understanding the 

properties of irradiated metals. Though less attention 

has been paid to the study of vacancy but it is equally 
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important m the study ot radiation damage m metais. The 

presence of a vacancy changes the whole atmosphere in its 

neighbourhood though the most atfected atoms are the tirst and 

second neighbours of the vacancy. To a first order approximation, 

we can view a problem where all the neighbours ot the vacancy are 

in their own respective positions as m the case of an ideal 

lattice. This is the case ot an unrelaxed lattice. The different 

atoms interact among themselves but there is a zero coupling 

between the vacancy and its neighbours. But in a more realistic 

situation, when a vacancy is created, the neighbouring atoms 

readjust themselves by occupying new positions m order to attain 

minimum energy configuration.This is the case of a relaxed 

lattice. The works on static relaxation round the vacancy have 

shown that there is an inward relaxation of the first neighbours 

and an outward relaxation of the second neighbours LJ3,79J. The 

relaxation of the neighbouring atoms of the vacancy alters the 

force constant matrix between the different pair ot atoms 

in the defect space, besides the missing force constants 

between the vacant site and its neighbours. All these 

result m the modification of the local 
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density of states of the neighbours with the possible appearance 

of characteristic defect modes: the resonance modes and localized 

modes. 

In this context, Land and Goodman LB0J carried out an 

investigation on the vibrational effects of vacancies in cubic 

metals with short ranged forces using molecular approximation and 

their result for Cu showed the appearance of modes just above the 

maximum frequency of the crystal which may be regarded as a local 

mode. On the other hand Hatcher ei al [BIJ have used the Green's 

function method to discuss the vibrational behaviour of vacancy 

m Cu and a-Fe and have found that no local mode appear. 

Apparently, more work is needed to understand the vibrational 

behaviour of vacancies in metals. Another aspect which plays an 

role m the study of the dynamics of vacancies is the choice of 

appropriate potential suitable in the distorted region round the 

vacant site. Hatcher ei al L81J have pointed out that the Morse 

potential seems to work well for tec metals while for a typical 

bcc metal oi-Fe, a spline fit type of potential due to Chang and 

Graham LB2,8j5J works well. 

I" 

lb 
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From our experience with the studies of SIAs and their 

neighbours m bcc metais : a-Fe, Mo and W, the JW potentials give 

reasonable description of the dynamical properties of these 

metals when the defect is modelled with interaction up to second 

neighbours [see Chapter VJ. Therefore the JW potential is used in 

the study of the local frequency spectra of the first and second 

neighbours of the vacancy in a-Fe, Mo and W using Green's 

function method both for relaxed lattice as well as for unrelaxed 

lattice. As m the case of SIAs, the JW potentials are used to 

calculate the perfect lattice Green's functions and the changes 

in force constants in the vicinity of the defect to obtain the 

local frequency spectra and also the scaled force constant 

changes when the ideal lattice Green's functions are calculated 

from the force constants based on the experimental phonons fit to 

the Born-von Karman models for a-Fe L73J, Mo 172J and W 174J. The 

obtained local density of states are then used to calculate the 

formation entropy of the vacancy and the mean-square thermal 

displacements of the first and second neighbours in the case of 

relaxed lattice. 
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The thesis has been organized as follows : 

Chapter II contains the generation ot a new potential for 

fee metals based on the electron density functional theory called 

EAM potential together with the Morse form for a pair part 

contribution. The different parameters of the embedding function 

and the Morse part are determined by fitting to experimental 

values : elastic constants, cohesive energy, vacancy formation 

energy and the lattice constant. The obtained potential 

parameters are then used to calculate the unrelaxed divacancy 

formation energy and unrelaxed surface energy. As a further 

application, of the EAM potentials, phonons are also calculated 

tor SIX fee metals : Cu, Ag, Au, Ni,Pd and Pt and results 

are compared with the experimental values. 

Chapter III contains the the Green's function formulation to 

calculate the local density ot states of the defect and its 

neighbours. Firstly, the Green function tor ideal lattice is 

presented and with the change in force constant matrix due to 
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detect, the expression for the detect lattice Green's functions 

IS also presented. The imaginary part ot the same site Green's 

functions give the local density ot states of the atoms 

concerned. The local frequency spectra are then applied to 

calculate few thermodynamical properties like, thermal 

displacements, formation entropy etc. 

Chapter IV contains the application of the EAM potentials to 

calculate the local frequency spectrum of <100>-dumbbell in tec 

metals with Cu as a typical example. Low-frequency resonance 

modes and high-frequency localized modes appear in the local 

frequency spectrum of the dumbbell. The calculation is repeated 

with the ideal lattice Green,s function calculated trom the force 

models based on experimental phonons while the force constants 

near the interstitial are calculated with the help of the EAM 

potentials. The calculations show that the EAM potential is 

effective in the dynamical studies of point defects m tec 

metals. 

18 



Chapter V contains the calculation of the local density ot 

states ot <110>-dumbbell m «-Fe, Mo and W, using the Green's 

function method. The JW potentials have been used to calculate 

the force constant changes as well as the ideal lattice Green's 

functions. The ideal lattice Green's functions are also 

calculated from the force constants based on the experimental 

phonons. The local frequency spectra of the defect m all the 

metals show appearance of resonance and localized modes. The 

local frequency spectra of the defect are then used to calculate 

the mean-square thermal displacements ot the dumbbell in all the 

three metals. The presence ot low-frequency resonance modes 

provides answers to decrease m shear moduli and long range 

migration of the SIAs. 

Chapter VI contains the calculation of the vibrational 

spectra of the first and second neighbours of vacancy in ô -Fe, Mo 

and Vf by using Green's function method again. The JW potentials 

have been used to calculate the force constant changes in the 

defect space and the ideal lattice Green's functions. In 

addition, the ideal lattice Green's functions are also calculated 
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trom the experimental phonon-based force constants. The local 

density ot states are utilized to calculate the formation entropy 

of the vacancy for all the three metals when the lattice is 

relaxed as well as when it is unrelaxed. In the case of relaxed 

lattice calculation the znean-square displacements of the first 

and second neighbours are also presented. The results are 

discussed in the light of the available experimental lebuico. 
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2. ANALYTIC EMBEDDED ATOM METHOD POTENTJALS FOR FCC METALS 

2.1. iNTRODUCTiOH 

Many problems in solid state physics and material sciences 

require a detailed understanding of the energetics and structure 

of nonuniformities in metals and alloys. Due to the lower 

symmetry and long-range strains generally found around defects 

and surfaces, the study of this problem requires techniques that 

can handle a large number of atoms. Historically the problems 

have been addressed with various pair-potential models of the 

energetics of the constituents of the solids [40,41,84]. This 

process is certainly useful in many circumstances. However there 

are some significant problems associated with the application of 

the pair potentials when the local environment is substantially 

different from the uniform bulk. This includes such problems as 

surfaces, grain boundaries, internal voids, fracture etc. 

However, the pair potentials have been used sucessfully to treat 
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inert impurities, such as He in metals [85], still the potentials 

are not apllicable to chemically active impurities. It has been 

demonstrated [Qb] in particular that the energy of a hydrogen 

atom in a transition-metal cluster cannot be represented by pair 

interactions, whereas the energy of He atom can be represented. 

Daw and Baskes [49,50] have proposed an alternative to the 

pair-potential approach based on density functional ideas, called 

the embedded atom method (EAM). This new approach provides a 

framework for a general picture of metallic bonding an 

approximate expression for energy of an arbitrary arrangement of 

atoms in a metallic system. This new method has been applied to 

several problems with good results. The applications to bulk pure 

metals include the migration of chemically active impurities in 

metals [50], structure of liquid metals, dislocation propagation, 

fracture properties, grain boundaries, phonon spectra [86-89]. It 

has been applied to surfaces and shown to provide realistic 

values for both the surface energies and geometries including the 

prediction of the (lx2)surface reconstruction of Pt(110) [90]. 

Furthermore this approach has been applied sucessfully to 
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segregation phenomena in Ni-Cu alloys [91-92]. The accuracy ot 

computer simulation studies of metallic crystals has greatly 

increased with the replacement o£ widely used empirical pair 

potentials [40,41,84J by these semi-empirical potentials based on 

density functional theory using the effective medium [93J or 

quasi-atom approach [94]. Ever since the introduction of EAM by 

Daw and Baskes [49,50], the method has been widely used for a 

variety of problems ranging from perfect lattice phonons to 

highly distorted defect structures. A closely related model 

(N-body potential) has been developed by Finnis and Sinclair [blj 

for bcc metals based on a second-moment approximation to tight 

binding theory. 

As is clear from the work of Daw and Baskes [49,50] and of 

Foiles &i al [52], there is tedious numerical fitting to obtain 

the parameters and functions required for the model and all 

results must be obtained by detailed computation. Although once 

the parameters and functions are determined for a particular 

metal, the same set can be used for the study of various 

properties of the metal including those which were really 
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intractable by pair potential approach, nevertheles the use of 

these potentials and functions is not very straight forward or 

convenient, since one has to have a detailed table for embedding 

functions for various values of electronic charge density which 

would be quite cumbersome. 

In this background Johnson L94J introduced a simple 

nearest-neighbour analytic model for fee metals providing much 

needed ease and simplicity in their use for computational studies 

of such metals. However, the main problem with Johnson's analytic 

model is that the anisotropy ratio A(=C/C') is constrained to be 

equal to 2 whereas the experimental values range from 1.22 for 

aluminium to 3.19 for copper. Oh and Johnson I9bj have extended 

the model beyond the nearest neighbour interaction and have 

applied it to fee and hep metals. However, with this extension 

the embedding functions have to be determined numerically with 

the help of the equation of state of expanded or compressed 

perfect lattice given by Rose et al 196]. A choice of exponential 

form for total charge density has enabled Mei &L al [97] to 

obtain a closed analytic form of the embedding function. They 
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have obtained potential parameters for fee metals using a third 

neighbour model and have tested the potential in the molecular 

dynamic study of thermodynamic properties of copper. However, it 

is not clear whether the embedding function obtained by Mei &t al 

197J has the right functional behaviour as a function ot charge 

density which is seen in first principle studies 198,99]. 

Unfortunately Mei «?•: al have not discussed this aspect of the 

embedding function obtained by them which very much depends on 

the choice of the pair potential function. In any case, the 

analyticity of the embedding function which depends on the 

exponential form ot the total electron density seen by an atom in 

the lattice, is not fully exploited in this model with its tie-up 

with the pair potential expression. 

On the other hand, Banerjea and Smith [100] have found that 

in a wide range of situations e.g., cohesion in solids, 

chemisorption and diatomic molecules, the host electron density, 

to a good approximation, is a simple exponential function of the 

interparticle separation. Based on this fact these authors have 

suggested a universal form for the embedding function : a 
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universal electron density-distance relation yields a universal 

embedding energy-electron density relation [100]. This form of 

embedding function is found to have the right functional 

behaviour obtained from effective medium theory. This type ot 

embedding function has been used by Johnson and Oh [101] to 

obtain EAM potentials for bcc metals. Evidently, it is of 

considerable interest to use the universal form of embedding 

energy to determine the EAM potentials for fee metals. In the 

present work, therefore, we have used the same universal 

embedding energy-density relation together with a pair potential 

ot the Morse form to obtain potential parameters for six fee 

metals. Especially, we have used a third neighbour model to 

evaluate the potential parameters for tec metals : Cu, Ag, Au, 

Ni, Pd, and Pt by fitting them to elastic constants : Voigt 

average shear elastic constant, G , C44, and the Cauchy pressure, 

(C12 - C44)/2, vacancy formation energy, cohesive energy and the 

lattice constant. The obtained parameters have been employed to 

calculate unrelaxed divacancy binding energy and unreiaxed 

surface energies. The obtained results are well within the range 

of experimental values. Further, we have calculated phonons based 
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on the present potentials. The calculated phonon dispersion, 

frequency spectrum and the mean square displacement are in 

agreement with the available experimental and calculated results. 

2.2. THEORY 

In the EAM the energy of each atom is computed from the 

energy needed to embed the atom in the local electron density 

provided by the other atoms of the metals. This electron density 

is approximated by the linear superposition of atomic electron 

densities contributed by a other atoms in a cluster surrounding 

the atom under consideration. This electron density is a slowly 

varying function of position. By making the simplification that 

this background electron density is constant, the energy of this 

atom is the energy associated with the electron density of the 

atom plus the constant background. This defines an embedding 

energy as a function of the background electron density and the 

atomic species. In addition, there is an electrostatic energy 

contribution due to the core-core overlap. This idea has been 

developed by Daw and Baskes [49,50] who showed that these ideas 
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lead to an approximation tor the total energy of the form 

E, .= y F. (p.) + -4- y f . .(r, .) , (2.1) 
tot Z 1 1 2 .L. ij ij 

i ^'^ 
(j?=i) 

where S. AT. .) is the two-body central potential between atoms i 

and j separated by a distance r.., F.(p ) is the embedding energy 

of an atom at the ith lattice site with total electron density c. 
1 

resulting from the superposition of electron densities of 

neighbouring atoms : 

. = Y f .(r. .) , (2.2) 

where f.(r. .) is the spherically averaged atomic electron density 

due to jth atom at site i. For a monoatomic crystal, equations 

(2.1) and (2.2) reduce to 

E^ = NE (2.3) 
tot 

with E = F(.-:) + - ^ T .̂.(r"") (2.4) 
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and P m. y f (r") , :2.5) 

m where N is the number of atom in the crystal and r is the 

distance of mth atom from a particular atom taken as origin, 

In order to apply the EAM the functions t,cp and F must be 

given. The standard fitting procedure to determine these 

functions is : (i) to choose specific functional forms of f and c?-

(ii) to fit the parameters of trte given f and cp to experimental 

data and finally (iii) to determine the embedding function F, 

using Smith and flanerjea scheme of total universal binding energy 

relation (UBER) [100] . 

The crucial point in the implementation of the EAM is the 

choice of the embedding function F(p) and the pair potential 

(plr) . For the embedding function we take the universal form 

suggested by Banerjea and Smith [100J : 

F(p)=F(p ) 1 ^e [ - yln 
/- P A 

L P^J 

P ir_i 
iipj ' 

(2.6) 

where F{p ) is the value of embedding energy at equilibrium 
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electron density c and the quantity / Is defined by 

1/2 

d^F(o) 
(2.7) 

where AF = - F{o ) is the depth at the embedding energy minimum. 
' e 

Though parameter ,- Is related to the scaling lengths occurlng In 

universal binding energy relation (UBER) and the scaled charge 

density-distance relation [100] / equation (2.7) will be used to 

determine f , since the embedding function and its double 
r II ^ 

derivative at equilibrium charge density |F(XL- ), F (o ) | are 
(̂  e e j 

easily related to unrelaxed vacancy formation energy and certain 

combination of elastic constants (see below) and with this choice 

of embedding function we find that the condition 

dF = F (i: ) 
e = 0 (2.8) 

is automatically satisfied, i.e., we work in in the framework of 

the so called normalized form of EAM [94,101,102] : an EAM model 
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remains invariant under a transformation in which a linear term 

in the electron density is added to the embedding function and an 

appropriate subtraction is made from the two-body potential and 

when this transformation is carried out with F (o )=0, the two 
e 

body potential becomes an effective two-body potential. For a 

small deviation of electron density at atomic sites in any atomic 

configuration the change in crystal energy is dominated by the 

effective two-body potential alone and as such this effective 

potential provides a good approximation for the calculation of 

defect energies. The single vacancy is a defect where the 

deviation of the electron density from the perfect crystal at the 

equilibrium is small enough and a Taylor series expansion of 

F(£:) about equilibrium electron density c can be terminated 
' e 

after second order term. Therefore, apart from the effective 

two-body potential term the unrelaxed formation energy contains 

only terms in F (c } in the present model. In EAM the unrelaxed 
e 

vacancy formation energy is 

E : „ = Y I F| £; - f (r'") ! - F(c ) 
i L I e' 

1 V m, 
2 /, e 

(2.9) 
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Expanding the first term and using equation (2.8) we get 

F 1 " V 
•^2 

,,1111 I V , m, ,„,,.. f r I - -—- > J (r ) . (2.10) 
e 2 L e 

m 

As F [c ) is much smaller than F(o ) in the present model the 
' e ' e 

unrelaxed vacancy formation energy may be approximated to 

[101,103] 

Ê ,̂  = - - 4 - ̂  '̂ (r"*) • (2.11) 
IV ^ L e 

m 

Using the cohesive energy 

•E = F(i: ) + "4- y i^T^) . (2.12) 
m 

we find that 

^̂ "ê  = - ̂ V4v^- 2̂'̂ ^̂  

Now using the equations for elastic constants C , C and C 
X J. X. Z» Tx 4 

given by Daw and Baskes [49] and Johnson [95] we can write 
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9n(c -c ) 
F (p ) = -. ^^ ^^ .^ . (2.14) 

G m ^. , m 'i 2 
) r f (r ) I 

m 

To obtain the equilibrium electron density and F (o ) we 
' e 

must choose an expression for the atomic electron density f(r). 

The experience 1103,104J tells us that simple exponential or a 

variation ot it represents the atomic density quite well. 

However, with the choice of embedding function given by equation 

(2.6) an exponential representation for the total electron 

density is implied and, therefore, an exponential form for t(r) 

may not be a suitable choice. In the interest of simplicity we 

have chosen a power law for atomic electron density 

f(r) = f 
e 

(2.15) 

which also provides immense analytic convenience L101J• The 

parameter n can be fitted to atomic electron density calculations 

or treated as an adjustable parameter. Using atomic electron 

density given by equation (2.15) the expression for F (c ) is 

simplified to 
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F (p ) = „ , . r2.i6) 
e .,2 A 

Substituting for F{o ) and F {o ) in equation (2.7) the parameter 
e e 

/ is then given by 

i 12 44 j 
(2.17) 

Thus in the present model the parameters defining the universal 

form of the embedding energy are determined by the crystal 

properties, namely the Cauchy pressure, cohesive energy and the 

vacancy formation energy. The only adjustable parameter ,3 is 

determined with the help of known atomic electron densities 

obtained from the Hatree Fock calculation by Clementi L105J, 

where the total density is given by 

f(r)= N f (r) +(N - N )f,(r) (2.18) 
s s s d 
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where,N and N are the numbers of electron in the s-state and N 
s 

the total number ot electrons in the outermost orbit, when the 

contribution is considered from the electrons in the outermost 

shell only. The spherically averaged s- and d- like densities are 

computed as 

f (r) = ) C.R.(r) 
S i A 1 1 

2 
/4-

,̂ , .(n.+ 1/2) 
(2- . ) 1 n _ 

R.(r) = ;̂ ~— r ^ e"'i^ (2.19) 
^ [{2n.)!J-̂ /̂  

1 

n , /. and C. are taken from the Clementi tables calculations 
1 ' 1 1 

with double Zeta functions. The same procudure follows for the 

case of f (r) . Various values of :- from equation (2.15) are used 

to tit with equation (2.18). The overall fit determines the value 

of (3. 

We next consider the pair potential function -i:(r) which is 

taken to be of Morse form in the present model 

3b 



i(r) = D ! e" ^-^'''^K ,e-"^'-''°M, (2.20) 
i I 
i. J 

where the parameters D, r and ^ define the depth , distance to 
o 

the minimum and a measure of the curvature near the minimum, 

respectively. 

The parameters a, r and D are determined by fitting to the 
o 

elastic constants *. the Voight average shear modulus G ={C11 

C12 + 3C44)/5 and C44 and by using the equilibrium condition for 

the perfect lattice. Taking a third neighbour model, i.e., both 

the charge density f(r) and the two-body potential (p{r) are cut 

off at a distance between third and fourth neighbours, the Voigt 

average shear modulus G and C are given by 

15uĜ ^ = 6rJ 6 (r̂  ) + 3r^ d (r̂  ) + 12r^ i (r.̂  ), (2.21) 
V le le 2e 2e 3e ie 

2.:ĉ  = rj d (r̂  ) - r, .i> (r̂  ) +2r^ o (r̂  ) -2r^ d (r̂  ) (2.22) 
44 le' le le le 3e 3e 3e 3e 

where r. are the ith neighbour equilibrium distances and d and 
le 
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d: refer to the first and second derivatives. The equilibrium 

condition for the perfect lattice is given by 

6r^ d^ (r, ) + 3r. i (r^ ) + 12r„ d (r„ ) = 0. (2.23! 
le le 2e 2e 3e 3e 

Using the relation between the elastic cvonstants 

5G = C - C + 3C 
V 11 12 44 

and equation (2.20), the expression for D is 

D = 
' "=11 - -^n "=44 ' 

i 2ar r -2«r -2-/2ar -2-/3ar "̂  
(2ar ) e' e+ ^ e+^^ ei 

e le i2e 2e 12e i 

(2.24) 

ar -ar -y2oir -y3«r i 
e + e+ e• 

e e 6e 

while equation (2.23) results into 

c^r y 2 a r 
t j i r - e -

2e + v 2 e 

y3.^r 
+ 4 ^ 3 6 

- 2 a r - 2 v 2 a r 
2e ^+ y 2 e ^ 

- 2 - / 3 « r 
+ 4-/3e 

(2 .25 ) 
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1 r. , ^ 2 . 2 
.iC^ = - F (J ) . . + 

11 9 e e 2 « r _27 3.-.r . 
^+ (12'-.r +2-/3) e~ ^ > • 

e I 
. j r y 3 « r . 

Dur e ^\ (',^r + l ) e ' ^ + ( 6 « r + 2- /3 )6 ^ I + 
e • e e ! 

Dcr e < (2.^r + l ) e 
e • e 

2c<r 

r, 2 2 
Do, r 

e 

2 , . ( r - r ) u ( r - r ) -, 
e o - e o I 

2e - e i + 

r 2o. ( r - r ) 
i - e o 

Do, r I e 
e i - e 

( r - r ) 
e o 

2 2 
4Do; r 

e 

2«{ - /2 r - r ) o . (y2 r - r 
^ - e o) - e o 
2e - e 

2D,.A-/2r 
2.-.(y'2r - r ) 

e o 
- e 

{Y2r - r ) 
e o 

^ „ . 2 .^{y3r - r ) 
2 2 I - e o 

6Doi r | 2 e 
e i 

o , (y3 r - r ) 
e o i 

e ! + 

2D-.-/3r 
r 2o.(Y3r - r ) o«(Y3r - r ) 

e o - e o 
e - e ( 2 . 2 6 ) 

Using explicit forms for the embedding energy equation (2.26) and 

pair potential equation (2.20) iiicluding atomic charge density 

equation (2.15) and equations (2.24) and (2.25) the three elastic 

constants are obtained as 
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1 '' 2 2 

-c^^= - F (,c- )o a + 
12 9 e e 

2ar , 2.,,r 2y3ar ̂. 
Dar e °-l (2or + l)e ^+ (12ar +2y3)e ^l -

e ' e e ( 
Dar e °J (ar + l)e~ ^ + (6ar + 2v3)e~ ^ I (2.27) 

e ! e e j 

2y3 
QC, = Dar e \ (2ar + l)e + (12ar + 2y3)e I 

2ar . ar _y3ar 
-Dar e °J (ar + l)e~ ^ + (6ar + 2y3)e ® >. (2.28) 

e ! e e I 

With the embedding function given by equation (2.6) and the 

Morse form for the pair potential the EAM potential is completely 

defined and is analytic providing much simplicity and convenience 

in use almost similar to pair potentials which is of vital 

importance in detailed computer simulation. With the normalized 

form of the embedding function we have seen that the vacancy 

formation energy is approximated by the effective pair potential 

only. However, with the inclusion of embedding function the 

vacancy formation energy in the present model is given by 
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E^„ = l2F<c - f ( r , ) l + 6F\C - f ( r , . ) l + 24F io - f ( r ^ ) l 
IV e I s ' e 2e • ! e 3e s 

i2F(o ) - H - i ( r , ) + 3<i(r^ ) +12.i(r^ ) '>, (2 .29) 
e i i e 2e 3e 

when the embedding function is expanded to second terms and with 

the utility of equations (2.6), (2.15) and (2.20) the unrelaxed 

vacancy formation energy is reduced to 

c^ F"{C ) 
•"e ' ' e 2.:,r , 2'.-.r 2v2c<r 2v3'.,r , 

o i - e ~ e "" e i 
E,„= - 3De i2e + e + 4e ! + 

IV I 
L 

2 a r , 2 a r v2<^r /3':xr 
6De o 2e ^+ e ' ^+ 4e ^ j . (2.30) 

2.3. RESULTS AND DiscussiONs 

In order to determine the parameters o and •}- for the 

evaluation of the embedding function F(o) and D, a and r needed 
o 

for the pair potential (L{T) the required input parameters for six 

fee metals Cu, Ag, Au, Ni, Pd, and Pt are presented in Table I. 

It IS seen that there is considerable scatter in the quoted 
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values of elastic constants in the literature. We have used the 

elastic constants from Simmons and Wang L106J as quoted in Foiles 

er. al Lb2J . The parameter >- is determined by the equation (2.17) 

using the cohesive energy E , lattice constant a and the Cauchy 

pressure determined from elastic constants and the 

t' 

experimental vacancy formation energy E as given in Table I. 

The use of experimental formation energy of for unrelaxed 

formation energy merits some comments. We note that the dominant 

contribution to vacancy formation energy comes from the changes 

in the bond energy with lattice atoms at perfect lattice 

positions and the contribution due to atomic relaxation is ^ 

-0.01eV and is rather insensitive to the fit. The experimental 

values of vacancy formation energy are taken from reviews by 

Bulluffi 1107J and Siegel 1108J who quoted "best values" 

available on the basis of various experimental techniques in 

literature tor Cu, Ag, Au and Pt, whereas for Ni, it is taken 

from Siegel LIŴ J and Wycisk and Feller-Knrepmeir L109J while in 
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Table I. Metal properties used to determine the potential 

parameters : lattice constant, cohesive energy, elastic constants 

and vacancy tormation energy. In case of elastic constants and 

vacancy formation energy, values in the top rows are those 

calculated from the present potentials and the lower rows give 

the experimental values. 

a 

E 
c 

Cll 

C12 

C44 

V 

Cu 

3.615 

3.54 

1.70 

1.70 

1.224 

1.225 

0.75 

0.75 

1.28 

1.28^^ 

Ag 

4.09 

2.85 

1.23 

1.24 

0.935 

0.934 

0.46 

0.461 

1.13 

1.13"̂ ' 

Au 

4.08 

3.93 

1.86 

1.86 

1.57 

1.57 

0.42 

0.42 

0.95 

0.95"̂ ' 

Ni 

3.52 

4.45 

2.38 

2.465 

1.51 

1.473 

1.28 

1.247 

1.7 

I.6T1.8''' 

Pd 

3.89 

3.91 

2.86 

2.341 

1.79 

1.76 

0.73 

0.712 

1.4 

1.4' 

Pt 

3.92' 

5.77'' 

3.25*^ 

3.47" 

2.62"' 

2.51" 

0.87"' 

0.765' 

1.51"^ 

1. 51"̂ ' 

Calculated values. 

Values from reference [52]. 

Values from reference [106]. 

"Values from reference [107]. 

Values from reference [108]. 

Values from reference [109]. 

Values from reference [110]. 
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Pd it is from Kraftmakher and Strelkov L110J• The electron 

density parameter ;3 is adjusted from a fit to the calculated 

spherically averaged atomic electron density 1105J. The 

calculated atomic electron density using equation (2.15) is not 

very sensitive to variation in the values of C. However, the 

final values of G were chosen so as to get an overall agreement 

between electron density using equation (2.15) and those obtained 

from Hartree Fock calculations [105] . As already mentioned the 

parameters a, r and D are determined using elastic constants 
o 

C , C , and C by fitting them to the shear modulus G and 

C_^. For a choice of u and r consistent with equation (2.25), 
44 o 

equation (2.24) is used to determine D and then the set of ^y, r 
o 

F 
and D are used to calculate C^^ and E,„. The best fit to C,, and 

44 IV 44 
F 
E finally determines the final choice of these parameters which 

are then utilized to calculate C and C . The expression tor 
XX X ̂  

the vacancy formation energy in the present model is given by 

equation (2.30) which is ultimately used for the calculation of 

F 
E as a guide to the choice of the best pair potential 

parameters; though in the evaluation of embedding function the 

vacancy formation energy was approximated by etfective 
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pair-potential only (Eq.(2.11)). The inclusion of calculated 

F 
values of C , C , C and E in Table I gives a clear idea of 

the quality of the fit of the present potential parameters to 

experimental elastic constants and vacancy formation energy. 

Though in the present third-neighbour model, it is presumed 

that the atomic electron density function f(r) and two-body 

potential at(r) have cut off distance somewhere between third and 

fourth neighbours, for a discussion of perfect crystal properties 

like elastic constants and the reported defect energies an exact 

choice of cut-off distance is not important. However, a smooth 

cut off procedure would be desirable for the potentials to be 

suitable for computer simulation studies. Such cut off procedure 

has been discussed among others by Mei t^i al [98J , Pasianot &i al 

LlllJ and given as 

g(r) = 1 for r < r̂  
3e 

= (1 - X) (1 + 3x + 6x^) for r̂  < r < r (2.31) 
3e c 

= 0 for r > r 
c 
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r - r., 
-̂ ^ where x = . 

r - r̂  

c 3e 

The values of obtained parameters for embedding function and 

pair potential are presented in Table II. The embedding functions 

for all the six metals are shown in figure 1. The embedding 

functions, have, in general, the right functional behaviour found 

from effective medium theory [99,100]. The functions exhibit a 

rapid initial drop and a subsequent upward curvature with the 

expected minimum at equilibrium electron density. The slope of the 

embedding function is zero at the equilibrium electron density. 

The effective two-body potential has been presented in figure 2 

which shows the typical behaviour expected for a Morse potential 

representing the total interaction energy between two atoms. For 

the sake of comparison we plot the effective potential for copper 

in figure 3 along with the EAM potential obtained by Oh and 

Johnson [103]. As can be seen from figure 3 there is close 

agreement between the two curves with identical position for the 

potentials minima. The effective potentials are similar to 
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Table II. The obtained EAM potential parameters. 

Cu Ag Au Ni Pd Pt 

1 . 9 1 2 . 1 3 1 . 9 4 2 . 1 4 5 

2 . 9 4 6 2 . 5 4 9 2 . 8 1 6 2 . 8 1 5 

0 . 1 1 3 0 . 2 3 4 0 . 1 7 9 0 . 1 8 7 

4 . 4 3 . 8 4 . 2 3 . 4 4 . 3 3 . 8 

0 . 8 4 7 1 . 3 5 3 1 . 4 4 5 0 . 6 6 1 . 3 6 6 1 . 5 4 9 

CJ(A°'') 

r (A°) 
o 

D(eV) 

1 . 8 9 

2 . 6 3 8 

0 . 1 6 6 

1 . 7 9 5 

2 . 9 6 8 

0 . 1 3 5 
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empirical pair potentials fitted to physical properties like 

elastic constants, unrelaxed vacancy formation energy, reminding 

one why the empirical potentials have been found to be successful 

in explaining many properties of these metals [95,101]. As can be 

seen the potential curves and their slopes drop smoothly to zero 

between third and fourth neighbour distances. 

In order to test the quality of these functions and 

potentials the best way is to use them for calculating those 

properties of the crystals which are not used in the empirical 

fit. We have used the potential parameters for the calculation 

r> 

of unrelaxed binding energy of divacancy E and unrelaxed 

surface energies of three low-index planes for all the six 

metals. The unrelaxed binding energy of divacancy is defined as 

2̂V ' ̂ <V - 4 ' '2-̂ '̂ 

F 
where E is the divacancy formation energy. In the third 

^ V 

neighbour model equation (2.32) gives 
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E^„ = 10Fo: - f(r^ ) } - 4F<-,: - 2f(r^ )i + 8F<'̂  - f(r^ )i -
2V [ e le I j e le I | e 3e ] 

4Fio - 2f(r^ )> - 10F(^ ) - a{r^ ). (2.33) 
I e 3e j e le 

The surface energy is determined by dividing the total energy 

increase in separating bulk material on a crystallographic plane 

by the total new surface area created. In the third neighbour 

model the surface energies of the three low-index planes are 

100 2 1 1 2 (2.34) 

y2 1. 110 , 1101 
S = iAE + AE I , (2.35) 
110 2 I 1 2 i ' 

a !- -f 

1̂11 " IT^l^i •" "̂ 2 I ' ^2-^^^ 
y3a •- -J 

where AE and AE are contributions originating from changes in 

the embedding energy and the pair potential part, respectively, 

and are given by 
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.E|®^= F\C - i4f(r^ )+f(r^ )+12f(r^ ) U. + F 
1 I e i le 2e 3e i 

: - <f(r^ )+4f (r^ ) } 
e 1 2e 3e !. 

2F(x; ) 
e 

(2.37a) 

100 
le 2e 3e 

(2.37b) 

A E J " = pr . - i ic - s5f(r, )+5f(r^ )+10f{r^ )>| + FJ... - ^f(r, )+2f(r,, ) + 
j_ e ! le 2e 3e |j ĵ  e I le 2e 

4f(r„ ) > 
3e I 

+ Flo - 4f(r_ ) 
i e 3e 

3F(£: ) 
e 

(2.38a) 

AEi^®= - 3(i(r̂  ) - 2d(r^ ) - 9<i(r̂  ) 
2 le 2e 3e 

(2.38b) 

and 

.111 E, = F\o -i3f(r, )+3f(r^ )+9f(r^ )>i+Fi^ -3f(r^ )i-2F(c; ) 
1 L ̂  • -̂^ ^^ 3e I I 1̂  e 3e i e 

4 " ' - 4^"^le' - 4-'>^2e' - -̂<-̂ 3e' 

(2.39a) 

(2.39b) 

The calculated values of unrelaxed divacancy binding energy 

and unrelaxed surface energies are presented in Table III along 

with the experimental values and values obtained by other 

B 
workers. The calculated E values are much smaller than the 

/j V 

b2 



2 
Table III. Calculated surface energies in ergs/cm and binding 
energy ot divacancy in eV. 

Cu Ag Au Ni Pd Pt 

S.„„ 1397 1124 1268 1799 1689 221b "̂  
100 

1280 705 918 1580 1370 1650 ' 

1651 1271 1084 2423 1659 2167 "̂  

S,,„ 1482 1183 1355 1900 1796 2339 '^ 
110 

1440 770 980 1730 1490 1750 ' 

1642 1271 1115 2384 1670 2131 " 

S 1290 1025 1104 1671 1522 1940 " 

1170 620 790 1450 1220 1440 '^ 

1409 1087 886 2036 1381 1656 '"^ 

gexp ^^^^ ^220 1540 2240 2000 2500 "' 
av 

E?„ 0.1369 0.102 0.0304 0.2157 0.1280 0.066 " 
2V 

'2V 
E^„(exp) 0.12 0.38 0.2-0.6 0.33 -- 0.1-0.2 

0.27 0.22 0.22 0.40 0.34 0.45 

Present results 

Experimental values from reference L119J 

From reference 152J 

From reference L104J 

From reference [52] and references therein 
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experimental values. However, the present values determined as 

they are by counting the bonds and neglecting the elastic 

relaxations completely are unlikely to match the experimental 

values exactly. On the other hand, the quoted experimental values 

have been obtained through fitting the non-Arrhenius behaviour ot 

vacancy concentration by a two-vacancy model which neglects the 

anharmonic temperature dependence ot formation energies and as 

such, are to be taken with some caution. Apart from this 

uncertainty regarding the experimental values of divacancy 

formation energy the contribution due to relaxations to it is 

expected to be small compared to the bond energy contribution 

and, therefore, in view of considerable computational effort 

involved in relaxation calculation no attempt was made to include 

the relaxation effect m the binding energy calculations. In fact 

the calculations based on density functional theory in the local 

density approximation by Klemradt r̂ ^l [112] give a value of 

divacancy binding energy equal to 0.07ev for Cu, Ni, Ag and Pd. 

The calculated unrelaxed surface energies for low-index surfaces 

(100), (110) and (111), S.„„, S,,„ and S,^^, respectively, are 
100 110 111 
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within the range of the experimental values which are 

polycrystalline average values. We note that m order of 

increasing energy the sequence of surface energies is S,,,, S,„„ 

111 100 
and S for all the six metals as is expected for the fee 

110 

lattice. 

As a further application of these potentials, we have 

calculated phonons in all the six metals. For the calculation of 

phonon dispersions, the force constants in the harmonic 

approximation are derived from the energy expression (1) in a 

straightforward manner. The force constants corresponding to the 

embedding part of the energy in the present model are 

2 r' r 
«̂  E m" V ^. , s ^, , , ik ij 

= - F. J f'(r. ) f. (r..) 
^ - , - 1 , 6 k ik J ij r r. . 
or. {?r k^i ik ij 

1 J 

F" fKr..) ) t ' i r . ) ^^ ^^ 
J 1 Ji i k jk r r 

k^j ji j 

r' , r . 
+ T F" f:{r, .) f. (r, .) — — — ^ (2.40) 

, L. . k 1 ki J kj r, . r, . 
kri,j -• -• ki kj 

where fj,i- are cartesian components. The force constant matrix 
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expression for the pair part is given by a well known term 

r . . r . . 

11,1') = (- - -=- i ) — ^ — + —— 5 c (2.41) 
r. . 2 r. . ui^ 
U r.. ij 

The calculated force constants consist of the embedding 

part and the pair part. The embedding contribution towards the 

force constants is quite small, especially for first neighbour 

and second neighbour interaction but for farther distant 

neighbours the embedding contribution becomes more effective. But 

in the dynamic calculation the dominant force constants come from 

the first neighbour interaction and the contribution from the 

other higher neighbours are not so much important. The force 

constants obtained are represented in table IV. The obtained 

force constants are then utilized for the calculation of 

phonons.The calculated phonon dispersions m Cu, Ag, Au, Ni, Pd 

and Pt are presented in figures 4-9 along with the experimental 

results from neutron scattering measurements in Cu L71J, Ag 

L113J , Au [114] , Ni [115] , Pd [116] and Pt [117] . The overall 

agreement with the experimental result is rather good in Cu, Ag 

and Ni; while in the remaining three metals : Au, Pd and Pt the 
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Table IV Force constants, calculated from the EAM potentials, 

consisting the embedding part and the pair part for six fee metals 

in the unit of dynes/cm. The first column is the embedding part, 

the second column is the Morse part and the third column is the 

sum of both the contributions and gives the total force 

onstants. 

Cu 

Force 

constants 
EAM Morse Total 

0.94380E+02 0.14764E+05 0.14858E+05 

0.59570E+03 •0.84027E+03 -0.24457E+03 

' 1 
-0.32260E+03 0.15605E+05 0.15282E+05 

•0.55600E+03 -0.20669E+04 -0.26229E+04 

0 . J lOWWILXW J o//jdt,+WJ W.by0J8E+03 

3 

'3 

3 

3 

•0.29430E+03 -0.38623E+03 -0.68053E+03 

0.18790E+02 -0.38691E+02 -0.19901E+02 

•0.13290E+03 -0.11585E+03 -0.24875E+03 

-0.17910E+03 -0.23169E+03 •0.41079E+03 
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Ag 

0.17690E+03 0.11131E+05 

Au 

• 1 

^1 

''2 

'3 

^3 

0 5 , 

1 

1 

\ 

2 

'3 

3̂ 

'3 

3 

0.88930E+03 -0 .45920E+03 

0.11308E+05 

0.43010E+03 

•0.47970E+03 0.11590E+05 0.11110E+05 

•0.80650E+03 -0 .14740E+04 -0 .22805E+04 

0.47520E+03 0.22867E+03 

-0 .43580E+03 -0 .21774E+03 

0.39050E+02 -0 .25611E+02 

0.70387E+03 

•0.65354E+03 

0.13439E+02 

•0.19050E+03 -0.64043E+02 -0.25454E+03 

-0.27620E+03 -0.12809E+03 -0.40429E+03 

0.35920E+03 0.90729E+04 0.94321E+04 

0.21010E+04 -0.33318E+03 0.17678E+04 

-0.11370E+04 0.94061E+04 0,82691E+04 

-0.19440E+04 

0.11090E+04 

•0.11642E+04 -0.31082E+04 

0.17163E+03 0.12806E+04 

•0.10350E+04 -0.15884E+03 -0.11938E+04 

0.74010E+02 •0.19519E+02 0.54491E+02 

•0.46290E+03 -0 .46441E+02 -0 .50934E+03 

•0.63830E+03 •0.92881E+02 -0 .73118E+03 
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Ni 

Pd 

1 

1 

1 

'2 

0.64190E+02 0.25334E+05 0.25398E+05 

3 

3 

3 

J 

' 1 

' l 

1 

'2 

'2 

'3 

'3 

3 

0 . 2 7 8 4 0 E + 0 3 - 0 . 8 5 3 4 5 E + 0 3 

• 0 . 1 4 9 1 0 E + 0 3 0 . 2 6 1 8 8 E + 0 5 

• 0 . 5 7 5 0 5 E + 0 3 

0.26039E+05 

-0.24610E+03 • 0 . 3 1 6 6 5 E + 0 4 - 0 . 3 4 1 2 6 E + 0 4 

0.15090E+03 0.45049E+03 0.60139E+03 

•0.13530E+03 -0.40795E+03 -0.54325E+03 

0.15200E+02 •0.51601E+02 -0.36401E+02 

-0.576b0E+02 -0.11878E+03 -0.17643E+03 

-0.88450E+02 -0.23756E+03 -0.32601E+03 

0.27190E+03 

0.16520E+04 

-0.89430E+03 

0.15322E+05 0.1b594E+05 

• 0 . 6 2 6 3 8 E + 0 3 0 . 1 0 2 5 6 E + 0 4 

0.15948E+05 0.15054E+05 

•0.15350E+04 -0.20243E+04 -0.35593E+04 

0.86990E+03 0.31274E+03 0.11826E+04 

•0.81490E+03 -0.29714E+03 -0.11120E+04 

0.55060E+02 -0.35080E+02 0.19980E+02 

•0.36630E+03 -0.87355E+02 -0.45366E+03 

•0.49920E+03 -0.17471E+03 -0.67391E+03 
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Pt 

'1 

"2 

' 2 

^•'3 

0.57450E+03 0.17887E+05 0.18462E+05 

0.28890E+04 -0.50251E+03 0.23865E+04 

-0.15580E+04 0.18390E+05 0.16832E+05 

-0.26200E+04 -0.20983E+04 -0.47183E+04 

0.15430E+04 0.27829E+03 0.18213E+04 

-0.14150E+04 -0.24027E+03 -0.16553E+04 

0.12680E+03 -0.32059E+02 0.94741E+02 

-0.61870E+03 -0.69404E+02 -0.68810E+03 

-0.89710E+03 -0.13881E+03 -0.10359E+04 
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agreement is not so good, the discrepancy is maximum in the 

longitudinal branch in these metals; e.g., it is as large as -27% 

in the longitudinal [.-00] branch of Au. The calculated phonons 

have been used to generate frequency spectrum of all the six 

metals, showing the typical behavoiur of fee metals obtained on 

the basis of Born-Von Karman fits to neutron scattering results. 

The frequency spectrum of Cu is presented in fig. 10 as an 

example. The spectrum is similar to the one obtained on the basis 

of Born-Von Karman fits to measured phonons by Nicklow et al 

L71J. It is observed that the agreement with experimental phonon 

dispersion is better in 3d and 4d compared to 5d metals due to 

the effect of the core. The frequency spectrum in Cu has been 

used to calculate mean square displacement of an atom by using 

<u > = r d. (2.42) 

and has been presented in fig.11. in which experimental results 

from Martin and O'Connor [118] is also included. The agreement 

with experimental result is quite good up to a temperature 600 K. 

As expected, the mean square displacement varies linearly with T 

at high temperatures. In metals interatomic forces are long 
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ranged and as such the present third neighbour model may not be 

adequate to describe various types of deviation from perfect 

lattice situation, since the static properties such as defect 

energies involving strong distortion around the defect are well 

described by these potentials. 

Finally we have examined the stability of the fee structure 

by calculating the energies of the bcc phase. The different 

distances for bcc structure are expressed in terms of the fee 

neighbours' distances, maintaining the volume to be constant. The 

distance relations are given below : 

i l e 
= 0.972 

bcc 
r ' 
le!fee 

I r^ i = 1.122| r, L 
[ 2elbcc i lejtec 

r, !̂  = 1.587i r̂  -. 
3ejbcc i lejtee 

! r î  = 1.86l| r, |_ 
^ 4elbcc [ lejfec 
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in the third neighbour model interaction for fee metals, the 

interaction extends up to fourth neigbours in bee metals at the 

same volume. The equilibrium electron density is given by 

] n^ i le tec ] ^^ I le feci ,,,̂  i le fcci 
! = 8fe i + 6fe ; + 12fe : + 

{' ejbcc "- le bee - ^-^^2e^bcc-^ 3e bee-' 

24fe 
(r^ ) , ̂ > 

le fccj 
(r, ) ^ J 

4e bee-' 
(2.43) 

The embedding function becomes 

= F\c 
Ac ) 

i ej. 1' ej feel 
^ -'bee ^ ' L 

i 1 - /In 
e bcc"^ 

^ e fee-' 

e bccj 
, (o )^ ] 

e tec 
(2.44) 

The total cohesive energy of the bcc structure is 

E ;, = F!^ 
CIbcc I e bcc bcc 

(2.45) 

the pair part can be written in a very straight forward manner. 

The fee structure has been found to be more stable compared 

to bcc structure in all the cases. 
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CHAPTER III 

3.1 THEORY OF LOCAL DENSITY or STATES 

To study the dynamical behaviour of a crystal, the important 

quantity is the density of states of the phonons' modes rather 

than the phonons themselves because the density of states applies 

tor perfect crystals as well as for detective crystals. Phonons 

can be calculated only when the crystal is having a perfect 

crystalinity, but when the crystal is out from the perfect 

crystalinity, the density of states plays a very important role. 

The density of states is expressed as the frequency distribution 

of phonon spectrum Z{a)) as given by Browers and Rosenstock L120J , 

is defined as the number of normal modes having frequency between 

CO and w+dw and is given by 

-^IJ Z(/a>) - -— ) 6 (w. -w) (3.1) 

where the summation extends over all N phonon frequencies co, 
ka 

within the first Brillouin zone. The vibrational spectrum 

reflects the nature of dependence of Z(u)) on w. The 

representation of frequency spectrum in equation (3.1) in terms 

ol delta functions is quite general in the sense that all 

72 



representations which have been used in the literature for Z(co) 

can be derived from it. The frequency spectrum calculated from 

the general function as seen in equation (3.1) does not refer to 

any particular atom of the crystal and is therefore suitable for 

calculating the frequency spectrum of not only an ideal crystal 

where all atoms behave alike with the result that the vibrational 

excitations (phonons) are non-interacting but also in the case of 

highly distorted solids where the periodicity is no longer valid. 

The delta function can also be used to explain the frequency 

spectrum of crystals with defects, where apart from the modified 

phonon states there is also a possibility of occurence of some 

characteristic modes. 

The important nature of the frequency spectrum is the 

appearence of sharp peaks and kinks associated with the critical 

point originating from the periodicity of the lattice and 

consequently from the value of oo. at certain points in the 

Brillouin zone. These singularites can best be understood if we 

write the frequency spectrum as a surface integral over the 

constant frequency surface to = w. as 
kc7 
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V ds 
Z(co) = - ^ — y r (3.2) 

3(2,T) kc k ko 

Thus we expect singularity m Z(co) when -7̂ '̂̂ ,̂ ., ~ '̂  • 

32 GREEN'S FUNCTION METHOD 

There are many methods with which the density of phonons' 

states and also the local densitV of states of the defective 

sites can be calculated : molecular dynamics L6,BJ, recursion 

method [37-39J, Green function method [l-5,34-36J, etc. But m 

the present case we are interested with the Green's function 

method to calculate the phonons' density of states and the local 

density of states of the defective site : the local density of 

states of the defects and also a few neighboui's. The density of 

states can be defined through Green's function formalism which 

has been found to be more suitable for defective soJid. As a 

matter of tact the whole problem of detect lattice dynamics is 

elegantly discussed and several reviews on the subject are 

available ll,2J. In general, the theory of vibrations of crystals 

with point defects has progressed within the framework of the 
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Green's function as enunciated by Litshitz 136J. To calculate the 

frequency distribution of phonon spectrum, Green's functions have 

been used in the harmonic approximation. From the knowledge of 

perfect lattice Green's functions, the Green's function for the 

detect lattice can also be calculated. The latter are used to 

calculate the local density of states of the defects. 

3.2 1 PERFECT LATTICE GREEN'S FUNCTION 

In the case of Green's function method, we can treat the 

problem of lattice vibration with the help of adiabatic 

approximation and within the harmonic approximation with the 

solid following the usual cyclic boundary conditions. This is 

equivalent to saying that the positions of all the atoms in the 

detect space are not so far from the perfect crystallinity and 

so, the expansion of the potential function can be carried up to 

second terms only. Now, considering a monoatomic lattice having N 

unit cells, the equation of motion of the 1th site atom in the 

direction a is 

M(l)u (l,t) + y $ .,(l,l')u^(l',t) = 0 (3.3) 

1'/? 

7b 



where M(l) is the mass of the atom at the 1th site and u {l,t) is 
a 

the displacement of that atom in the direction a. The § ^(1,1') 
aft 

is the coupling parameters or force constant matrix between atoms 

1 and 1*. The force constant matrix can be expressed in terms of 

the dynamical matrix for convenience. 

D ^(1,1') = lM{l)j"^^^$ .(1,1') iMd')]""^^^ (3.4) 
aft aft 

Asumming a harmonic vibration of frequency to, the equation of 

motion (3.3) in terms of the dynamical matrix, is written as 

y M^^^(1)ID ^ ( 1 , 1 ' ) - w^6 ^ 6 ( l , l ' ) j M - ^ ^ ^ ( l ' ) u ^ ( l ' ) = 0 
L oift aft ft 

i'ft (3.5) 

in ma t r ix form, equa t ion (3.5) becomes 

2 
L(co )u = 0 (3.6) 

where 

L(o^) = M^^^(D - w'^DM^^^ . (3.7) 

2 
The Green function is defined as the inverse of the matrix L(co ) : 

G(w) = [L(J^)\~^, (3.8) 
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or 
U (i,s)U,(1',s) 

G .(i,i';w) = -T.̂  ) — T ; ^ (3.9) 
'̂̂  lM(l)M(l')r^^ ^ cô  - (CO +i£)^ 

where U (i,s) is an element of a unitary matrix which 
a 

diagonalizes the dynamical matrix, so that the equation (3.6) is 

transformed into an eigenvalue equation 

(D - w^)U(s) = 0 (3.10) 
s 

2 
where U(l,s) are the eigenvectors and w are the eigenvalues of 

s 

the dynamical matrix D. The infinitesimal positive quantity e has 

been introduced to ensure causality, i.e., the so called retarded 

Green's functions are used. The eigen vectors U(s) satisfy the 

usual orthogonality relations 

y U*(l,s)U (l,s') = 6 , (3.11a) 
A 01 a ss' 
la 

y U*(l,s)U^(l',s) =6^6(1,1') (3.11b) 
L a ft aft 

In the case of ideal lattice, all the masses are equal and 

the coupling parameters § ^(1,1') have the translational 
aft 

symmetry, therefore, the eigenfunctions U(s) can be chosen to be 
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plane waves labelled by a wave vector k and a polarization index 

a 

U (l^kc) = (1/N)^^^e (kc7)exp(ik.R{l)) (3.12) 
a a 

where e (Y.a) is the eigenvector of the dynamical matrix belonging 

a. 

to the normal mode (Via). Thus the ideal lattice Green's function 

is given by 
o o e (ko')e (kc) 
G^(l,l';w) = {l/MN)y — ^ ^- — exp(ik.R(l)-R(l')) (3.13) 
aft L ^ . • /^ 

Key CO, - (CO +i£r) 
kc 

where co are the eigen frequencies. In the case of ideal lattice $ 

is real and symmetric, then the polarization vectors can be chosen 

as real, then 

U (k) = U(-k) and to. = to . . 
ko' -kc? 

The exponential in equation (3.13) can be replaced by cos(k.R(l-l')) 

and therefore 

G „(1,1';«) = G ^(|l-l'|;oo) = G., (|l-l'|;co). (3.14) 

Using the identity 

l/(x - is) = P(l/x) + ino[\) (3.15) 

78 



we can write the real and imaginary part of the Green's function 

as 

o o e (ko')e (ko') 
ReG ^(i,l';w) = (l/MN)y P —^ J- exp(ik.R(l)-R(l')) 

aft A 2 2 
KO CO. - to 

ka 
o 

= ReG ^(1,1';-w) (3.16) 
aft 

ImG ^(l,l';w) = (n/MN) (sgnw)y e (ka)eAka) {oif -w^) exp(ik.R(l)-R(l 
aft L a ft ka 

ka 

ImG -(l,l';-w) (3.17) 
aft 

Obviously 

G(w) = G (-co) . 

The real and imaginary parts of the Green's functions are not 

independent of each other but they are related to each other by 

the Kramers-Kronig relation 

Re G(6o) = f dco'P ,̂  ^ ,, Im G(co'). (3.18) n J ,22 
CO* - CO 

The properties of Green's functions including their numerical 

calculation, which are quite useful for practical applications, 

have been discussed by Dederichs and Zeller [2] and Ram 146]. 
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322 GREEN'S FUNCTION FOR THE DEFECT LATTICE 

In the matrix form the Green's function for the defect 

lattice may be given by 

(# - Mw ) G(w) = 1 (3.19) 

While that of the ideal lattice is given by 

{$ - M6.̂  ) G{6j) = 1 (3.20) 

where the quantities pertaining to ideal lattice are denoted by an 
o o 

upper index o, e.g., $,M etc. In general the force constant matrix 

§ and the mass M of the defect lattice differ from the quantities 
o o 

$ and M in the ideal lattice.In the case of vacancies and 

interstitials the total number of atoms are also different. 

For substitutional impurity, the force constants around the 

impurity atom are changed in addition to the mass change at the 

impurity site. In general, the change in force constants far away 

from the impurity is negligibly smaJl and only changes in the 
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force constants between the defect and its immediate neighbours 

are considered. Then the Green's function for the defect lattice 

is evaluated in terms of the ideal lattice Green's function and 

the "perturbation" which is strongly localized in space. 

Assuming only one impurity atom, we write equation (3.19) as 

° ° 2 
($ - Mw + V(a>))G{co) = 1 (3.21) 

where 

V(w) « = $ - $ - ( M -M )w 

= A$ - AMw"̂  (3.22) 

is the perturbation matrix. From equation (3.21) the Green's function 

for the defect crystal is obtained to be 

o o 
G(w) = G(a)) -G(a>)V(w)G(w). (3.23) 

This can be directly solved for Green's function G(6o) as 

o o o o 
G(w) = ( 1 + GV )' G = G ( 1 + VG )~ (3.24) 
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An equivalent expression tor G(u)) can be obtained by inserting 

expression (3.24) into the right-hand side of expression (3.23) 

C O o o o o o 

G(w) = G - GV( 1 + GV )" G = G - Gt(tc.)G. (3.25) 

where we have introduced the so called t-matrix 

t = V ( 1 + GV )"•"". (3.26) 

In this way the Green's function tor the detect lattice can be 

expressed in terms of the ideal lattice Green's function and the 

t-matrix which is localized to the defect space spanned by the 

impurity and its immediate neighbours where there is a force 

constant change. In order to calculate t(u>) we have to invert the 

finite matrix ( 1 + GV ) with dimension 3n, if n is the number of 

atoms affected by the perturbation. The use of Group theory by 

exploiting the point symmetry of the impurity can further reduce 

the problem. 

To appreciate the two equivalent expressions for the defect 

lattice Green's function we write the equation of motion of the 

perturbed crystal once again 
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" 2 
($ - Mto + V(w) )u = 0. (3.27) 

The ettect of perturbation on the vibrations of the lattice may 

be interpreted in at least two distinct ways. First the equation 

(3.27) may be viewed as a scattering problem.In this case one can 

calculate the scattering matrix and look for the resonances. In 

this case the expression (3.2b) tor the detect Green's function 

in terms of the t-matrix is relevant. Alternatively, equation 

(3.27) may be viewed as an eigenvalue problem similar to the 

perfect lattice but with changed values of some of the elements 

of the dynamical matrix. In this case the solutions are new set 

of frequencies and eigenvectors and the defect Green's function 

can be evaluated exactly like perfect lattice Green's functions. 

The two descriptions can be made to correspond to each other if 

we note that the resonant scattering in the first case 

corresponds to the second description to normal modes at the same 

frequencies having large amplitudes of vibration in the vicinity 

of the defect than at other locations in the lattice. The choice 

of a particular description largely depends upon the convenience 

and suitability to a particular problem. However, in the actual 
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applications the Green's function for the defect lattice can 

always be computed in terms of the perfect lattice Green's 

function and perturbation. 

The theory outlined above tor substitutional impurities is 

not directly applicable to the case of interstitials where 

additional degrees of freedom are introduced into the lattice. 

However, viewed as an eigenvalue problem the additional degrees 

of freedom hardly creates any complication, it is only while 

apllying the t-matrix theory that care has to be taken in 

evaluating the perturbation matrix v(u)). in the present thesis, 

equation (3.27) is treated as an eigenvalue problem, where we 

follow an alternative formulation of the defect problem as has 

been proposed by Litzmann and Rosza 1121], Krumhansl and Mathews 

146J and others 1122J. Dederichs and Zeller [2,123J have used 

this method to discuss the resonance and localized defect 

vibrations and have derived some important relations about the 

local vibrational behaviour of point defects. The method is 

particularly suitable for interstitials where additional degrees 

of freedom introduced by the defect are treated in a natural way 

on equal footing like any other coordinate in the problem. We get 

84 



a ( l iTPCt f l P s r r T p t i o u o t t h e U i r a l v i l)i <it i otia 1 p r o p o i t i i e s o t t h e 

d e t e c t i n t h e sorisP" t h a t t l i e dencT i p t i on h a s a s i m p l e h i n s t e i i i 

o s r i L l a t o t l i k e s i r ne t l i r e . 

t h e whoLe s p a c e ol a l l a l oms h a s b e e n d i v i t J e d i n t o a c e n t r a l 

s n b s p a c e C c o n t a m i r i q 1 he d e l e c t and i t s iminef i ia le n e i q l i b o u r s ( m 

most c a s e s t h e d r^ lec l <»lorie ) and t h e s u b s p a c e H c o n t a i n i n q t h e 

o t h e r T e m a i m n q a t o m s . 'I'tie t or c e c o n s t a n t m a t r i x t ias b e e n 

p a r t i t i o n e d a s 

CC 

i I 
RC 

CR 

I I 
RR ' 

rc CN 

NC NN 

0 t 

0 j 

. i 
NU i 

1 

(3.2.H) 

UN UU ' 

wtier e t i s t h e h t n s t e i n conp l i nc j ot t h e c^ent r a t r e q i o n when t h e 
CC 

r e s t l a t t i c e i s in tfie t r o 7 e n s t a t e , t i s t h e c o u p t m q ot t h e 
RR 

atoms m the rest lattice wliile the detect is t ixed and I 
CR 

describes the coupJiriq ot the detect with the neiqhbours in the 

rest lattice. 'I he riqht hand sirle ot equation {^.Aii) shows that 

the subspace R can be turthei split up into a neiqhbour reqion N, 

consist inq ol all atoms winch ar^ fither direct ly coupled to the 

centra) reqion or tor which t oi cr̂  constants ar <̂  chaiiqed, and into 
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an unperturbed subspace U of host atoms such that in this the 
o o 

coupling constants are unchanged, i.e., $ = § and $ = $ . 
NU NU UU UU 

Similar to the coupling matrix $ we write the Green's function 

and mass matrices in the partitioned form : 

G = 
CC 

RC 

CR 

RR 

r M, 
M = 

CC 
0 

M 
RR 

(3.29) 

By inserting the partitioned form of the quantities in equation 

(3.19) we get 

(f - M w ) G + $ G = 1 
CC CC CC CR RC (3.30) 

$ G +(f - M w ) G = 0 
RC CC ^ RR RR RC 

(3.31) 

$ G +($ - M CO )G = 1 
RC CR RR RR RR (3.32) 

(f - M c o ) G + $ G = 0 
CC CC CR CR RR (3.33) 

Equations (3.30) and (3.31) couples the Green's function G (co) of 

the defect, i.e., the displacement of the defect, with Green's 

function G (co) i.e., the atomic displacements in the rest 
KC 
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lattice due to unit force on the defect. Similarly equations 

(3.32) and (3.33) describes the coupling of the Green's function 

for the rest of the lattice G (oo) with the Green's function 
RR 

G. (CO) . From equations (3.30) to (3,33), the Green's functions 

G„^r tf„„, G^^ and G are easily determined : 
CC RR CR RC 

2-1 
G =($ - § G $ - M c o ) (3.34) 
CC CC CR RR RC CC 

2-1 
G = ( $ - f G $ - M c o ) (3.35) 
RR RR RC CC CR RR 

G„^ = - G„r.*„̂ Ĝ ^ (3.35) 
RC RR RC CC 

G = - G § G = G (3.37) 
CR CC CR RR RC 

2-1 
where G is the transpose of G . Here G„„ = ( $„„ - M„„w ) 

RC RC RR RR RR 

describes the vibration of the atoms in the rest lattice when the 

2-1 
interstitial is fixed and G = ( § - M a ) ) describes the 

V»\^ V^V> V-i\_» 

Einstein vibrations of the interstitial. The Green's function 

G,,(w) determines the local vibrational properties of the 

Interstitial which is more easily elucidated if we put in terms of 

the effective force constant [2] 
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V '*cc''"' - "cc"''"'' "•^«' 

where 

*cc''"' °*cc -*CR=RR'"'*RC <3-"' 

is the effective coupling of the defect when it is embedded in 

the lattice. Clearly equation (3.38) has the form of Einstein 

approximation for the interstitial region where the correction 

-i G (OL>)$ to the Einstein term $ describes the effect of 
CR RR RC CC 

the dynamic relaxations of the atoms in the rest lattice. The 

poles or quasipoles of G (w) are the perturbed frequencies of 

the interstitial subspace. For determining G (w), first GOD(W) 

CC RR 
has to be determined. For the case of interstitial the subspace R 

contains all the atoms of the ideal lattice and G can easily be 
RR 

o 

calculated in terms of the ideal lattice Green's function G in 

exactly the same way un^ .v-i,j.wii LUL 

the case of substitutional impurities (Equation (3.25)): 

o o „ o 

G = G - GtG (3.40) 

where t-matrix is given by 
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^ - V ^ * %R'"'' '3-"' 

with 

2 

i.e., only force constant changes in the space of the rest 

lattice are involved. In the calculation of the t-matrix, one has 

to invert a complex matrix of dimension 3 times the number of 

perturbed atoms in the subspace R. 

The Green's function G (w) is especially useful for the 
K.K. 

interstitial problem since it gives the vibrations of the host 

material in the presence of interstitial by eliminating the 

additional degrees of freedom due to its presence. The elimination 

of interstitial coordinates leads to an effective coupling between 

the lattice atoms. Again the expression for G (equation (3.35)) 
KR 

has the simple Einstein oscillator like structure. The term 
f G $ represents the interstitial reaction to the lattice 
RC CC CR 
system. Thus G (w) describes the collective motion of the lattice 

KK 
giving the perturbed phonons of the defect lattice. Again G can 

KK 
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be calculated by standard Green's function method 

Ĝ =̂ (J - M A v;^)-l=G-GV^^G^^. (3.43) 

if we add to the perturbation V the interstitial induced 
RR 

reaction between the host atoms 

V = v - f G $ (3 44) 
RR \ R RC^CC CR- tJ-44i 

In terms of the t-matrix G is given by 
RR 

G = GtG (3.45) 
RR 

with 

Compared with the standard Green's function method, the advantage 

of the presence method lies in the fact that the Green's function 

G (w) of the defect is described by an Einstein-type force 

ef f 

constant i, (w) which gives the local vibrational properties of 

the defect. However the numerical effort is same in both the 

cases -
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3.2.3 CONNECTION BETWEEN THE DENSITY OF STATES AND GREEN'S 

FUNCTIONS 

The local density of states is one of the most affected 

physical quantities due to the presence of the defect and the 

calculation of this function helps to calculate the other 

properties of the defects, especially the thermodynamical 

properties. The density of states can be expressed in terms of 

the imaginary part of the Green's functions. Here we present the 

same site ideal lattice Green's function at the site 1 as 

e (kc) e (ka) 
G (l,l,<o)= y —^^- '- (3.47) 

MN Ka o). - (CO +X£) 
kc 

Making use the orthonormality of the polarization vectors, we can 

write 

o 
Im ) G (l,l;co)= -——-Sgnw ) 6 (to. - to ) 

la aa MN /, k(y 
a Ka 

n I ^ 
MN 2to / "ka 

Summing all the lattice sites we have 
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6(00, - to) , a:.> 0. (3.48) 



o 
Im ) G ( i , l ; w ) = - — ) 6(0). - w ) = — - — Z ( w ) , ( 3 . 4 9 ) 

A aa 2Mco I, ka 2Mw 
Tot la 

where Z((»)) = > 6(w. - w ) is the total density of states of the 
((a "̂ ^ 

ideal lattice , i.e., the number of frequencies in the interval 

{oi, w+dw) . Equation (3.49) shows that the total density of states 

can be expresses as the sum of the imaginary parts of the same 

site Green's functions over all the sites. Alternatively, it can 

be interpreted that the total density of states is expressed as 

the sum of the densities of all the atoms in the lattice, though 

in the perfect lattice all such densities of all the atoms are 

identical. 

3.2.4 LOCAL DENSITY OF STATES 

The local density of states of a defect provides an 

important quantity to discuss the various physical properties in 

the defect lattice. This suggests the way to define in a 

non-ideal lattice, the so called local density of states of the 

atom 1 in the ath direction. The local density of states may be 

expressed in as the immaginary parts of the Green's functions as 
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Z (i,co) = Ĥ ^̂ l̂lil In, G (l,l';w) (3.50) 
a n aa 

We can write the imaginary part of the same site Green's functions 

in terms of the eigenvectors U(l,s) of the dynamical matrix and 

then 

Z (l,uj) = > lU (l,s| 6(w -0) ), w >0. 
a I, ' a ' s 

s 

We note that 

oc 
f dco Z (l,co ) = S\U {l,s) 1̂  = 1, (3.51) 

i.e., the spectrum Z (l,a>) is normalized with respect to oi. 
a 

Z (l,w) gives the number of frequencies in the interval (w, w 
a 

+dw) multiplied by the square of the amplitude of the atom 1 in 

the a-direction. Thus we see that the local density of states is 

the quantitative measure of the number of modes contributing to 

the vibrational behaviour of an atom. In the case of defect 

lattice the quantity Z (l,a)), generally is different for 

different lattice sites and direction. 
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3.2.5 FREQUENCY SPECTRUM OF A PERTURBED CRYSTAL : 

The vibrational behaviour of a perturbed crystal is strongly 

Intluenced by the defect and tew of its close neighbours. The 

presence of the defect in the crystal changes the frequencies of 

the normal modes of the crystal and hence results to the 

excitations of certain characteristic modes, resonance and 

localized modes. These defect modes appear in the local frequency 

spectrum of the defect and some of the close neighbours. The 

resonance modes are not the exact eigenstate of the perturbed 

crystal and their frequencies always lie within the in-band 

spectrum of the host; consequently, even in the harmonic 

approximation resonance modes have a finite width due to the 

Interaction with the normal modes of the host spectrum. On the 

other hand the localized modes are exact eigenstates of the 

perturbed crystal and are non-propagating in nature and have a 

delta function type of peaks in the frequency spectrum. 

In order to evaluate the defect-induced changes of some 

additive functions of normal mode frequencies e.g., thermodynamic 

functions one needs to calculate the change in frequency spectrum 
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due to defects. For low concentration c of defects, the change in 

total spectrum is linear in c. 

AZ{w) = N Az(w) (3.52) 
d 

where N^ = cN is the total number of defects present in the 
d 

crystal. 

The calculation of AZ(w) has been discussed, among others, 

by Dederichs and Zeller [2] and P.N. Ram 146]. In terms of local 

density of states it is given by 

\l [' AZ(co) = ) Z (l,w) - Z (l.co) a a s (3.53) 

since the perturbation is confined to atoms within the defect 

space, the sum over a, 1 is replaced by 

,w) AZ(w) = 3N j Z(d,w) - Z(d,w)I (3.54) 

Where d refers to atoms in the defect space and the local density 

of states of atom 'd' is the average over cartesian components. 
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Z(d,w) = ~ y z (d,w). (3.56) 
a 

Obviously, the features in AZ(w) are dominated by the local 

density ot states of the defect atoms and few of its closest 

neighbours. 

3.3 APPLICATION or THE LOCAL DENSITY or STATES TO THERMODYNAMIC 

PROPERTIES 

The local density of states of the defect and its 

neighbours play very important role in the defect studies since 

most ot the defect properties are reflected through them 

especially that ot the defect. So, from the obtained local 

density of states, many important physical properties can be 

calculated.The occurrence of resonance modes is signalled by the 

increase in the density of states near the resonant frequencies, 

while localized modes are identified as additional peaks in the 

spectrum. Very often the characteristic modes are dominated by 

the vibrations of the defect and a few of its neighbours, and. 
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therefore the local density ot states of the defect and its 

neighbours are important in the calculation of many thermodynamic 

properties of the defect crystals. 

3.3.1 CALCULATION or THE THERMAL DISPLACEMENTS AND THERMAL 

VELOCITIES 

As pointed out earlier, the presence of the resonance modes 

increases the thermal displacements of the atoms in the defect 

space. The mean-square thermal displacements for the defects can 

be expressed in terms of the local density of states as 

<u > = 
a 

p Z (d,co ) 
• £ (w,T) dto, (3.56) 

noi^ 

[ 2kT J where £(w,T) = -^coth | ̂ ^ | (3.57) 

As it is, the thermal displacements squared is the integral of 

2 
the local density of states weighted by 1/w . The occurrence of 

the low-frequency resonance modes is expected to increase the 

thermal displacement of the SIAs by a large amount. In case of 

the vacancies the thermal displacements of the first neighbours 
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are expected to be changed most but the etfect is much less 

compared to the SIAs. The energy expression £(OJ,T) can be 

expressed in the limiting cases of low and high temperatures. At 

very low temperatures 

^(w.T) > hw/2 for kT << hw 

and at very high temperatures £(w,T)—> kT for kT>>ha) and, 

therefore we have 

2 }(h/2M)<l/w> tor kT <<liw ,̂  ̂_,., 
<û > = -j ^ {3.b8) 

i(kT/M)<l/w^> = kTG (d,d;0) for kT >> hw 

We see that even at very low temperatures the thermal 

displacement is large due to the presence of low frequency 

2 
resonance mode. At high temperatures <u > is especially large and 

a 

increases linearly with temperatures due to increasing thermal 

population of resonance modes. Evidently in the classical limit 

of high temperatures displacement correlations are independent of 

masses. 

The mean square thermal velocities of the defects can also 

be expressed in terms of the local density of states. It can be 
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written as 
Z (d,a>) 

<v'̂ > = r — £(w,T)clw (3.59) 
J M , 

Again in the iimiting case of low and high temperature, we get 

r r 
(h/2M^) I wZ (d,co)dw = (h/2M^)<w> for kT << hw 

<v > = ^ (3.60) 
(kT/M^) r Z (d,w)dw = kT/M^ for kT >> hto 

d J o( d 

2 
Contrary to the case of <u > the square of the thermal velocities 

are dominated by high frequencies at low temperatures. 

3.3.2 CHANGE IN THERMODYNAMIC PROPERTIES : FORMATION ENTROPY 

In the harmonic approximation the thermodynamic quantities 

are represented by additive functions of the normal mode 

frequencies and as a result they can be expressed as average over 

the frequency spectrum. 

Taking advantage of the local representation of the total 

frequency spectrum we can express the thermodynamical quantities 

in terms of the local frequency spectra of all the atoms in the 
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lattice. Thus the thermodynamic function X(T) is expressed as 

X(T) = y r x{a),T)Z (l,w)doj (3.61 

and the change in the property is 

AX(T) = y r x(co,T)Jz (l,a>) - Z (1,0)) I dto (3.62) 
Zi J 1 o o( J 

al 

In the limit of the low concentration of the defects the change 

in AX(T) is given by 

AX(T) = 3N J x(co,T)| J [z (d,w) - Z (d,w) I dw (3.63) 

This expression helps to calculate the defect-induced changes in 

thermodynamic properties utilizing the local frequency spectra of 

the defect and its immediate neighbours. 

Leaving apart a negligible small electronic contribution , 

the vibrational contribution to the entropy is given by 

S = k y a(b> ,T) , (3.64) 

L s 
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with 

a(bi,1') = 
hco/kT 
exp{!iw/kT) - 1 

- In I 1 - exp(-hw/kT)J. (3.65a) 

In the classical limit of high teraparatures , the expression 

for a{oi,T) reduces to 

a(oy,T) = 1 - ln(hw/kT) {3.65b) 

With the use of total frequency spectrum, the 

entropy is expressed as 

a 

s = k a{oi,'T) Z{w) dw 

0 

whereas the formation entropy is given by 

(X 

^ v • '"" 
a{o^,T) Z(d,w) - Z(d,w) dco. 

( 3.66) 

(3.67) 

Other thermodynamical properties of the crystal can 

also be calculated with the use of the density of states. 

c .^n 
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CHAPTER IV 

LOCAL DENSITY OF STATES OF <100>-DUMBBELL 

iN FCC METALS 

USING L A M POTENTIAL 

4.1 INTRODUCTION 

The study ot point defects m crystals plays an important 

role m understanding the problems ot radiation damage in metals. 

In the case of self-mterstitial atoms (SIAs), extensive studies 

have been made in the case of fee metals regarding structures, 

energies and dynamics, where the <100>-dumbbell or split 

interstitial configurations has been found to be the most stable. 

The study ot the dynamics of SIAs m tec metals has been 

carried out extensively by a large number ot workers and many 

authors have reviewed the subject [44,46,54]. In the earlier 
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studies on the vibrational properties of the SIAs, empirical pair 

potentials have been used and the most striking feature about it 

is the presence ot some characteristic modes: the low-frequency 

resonance modes occuring withm the in-band region and the 

high-frequency localized modes occuring above the maximum 

frequency of the solid. The first experimental evidence tor the 

existence of the resonance modes has been provided by 

measurements ot the change m elastic constants after neutron 

irradiation by Rehn ^' CLI [I'll in Cu and after electron 

irradiation by Robrock and Schilling [18J in Al. Strong resonant 

effects are expected m the phonon dispersion as has been 

pointed out by Wood &' ^^ L̂'/J and Schober c-t ̂ L [bb] . 

As has been pointed out m Chapter II the empirical pair 

potentials are not expected to model the metal properties m a 

realistic way and there is a need for potentials including 

electronic contribution to total energy ot the metal. The EAM has 

been sucessfully applied to discuss various properties of metals 

including defect structure, energies etc. However, to our 
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knowledge no attempt has been made to apply the EAM to discuss 

the dynamical properties of defects in metals. 

In the present Chapter, therefore, we apply the EAM 

potentials presented m Chapter II to discuss the dynamics of 

<100>-dumbbell in a typical tec metal : copper. The EAM potential 

tor copper is used to calculate the ideal lattice Green's 

function as well as for evaluating the force constant changes in 

the vicinity of the dumbbell. Especially we have calculated the 

local density of states of <100>-dumbbell in Cu. Like earlier 

results with empirical pair potentials we get a number of 

resonance and localized modes as reflected by peaks in the local 

frequency spectrum. However, the number of such modes as well as 

their frequencies are changed in the present calculation. Of 

special interest are the low-frequency resonance modes. The 

lowest frequency resonance is E mode, a result also found from 

computer simulation using pair potentials, which is instrumental 

m explaining many properties of irradiated metals Cu including 
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large negative shear modulus change and long range migration of 

mterstitials. However, m the present calculation the other 

resonance mode A appears near the maximum crystal frequency 

when the EAM potential is used consistently Put spills to become 

localized mode when experimental phonons are used m the 

calculation of ideal lattice Green's functions, though this mode 

has been consistently found as a low-frequency resonance mode in 

calculations using pair potentials. 

The <100>-dumbbell configuration m tec lattice is shown m 

Figure 12. The centre of the dumbbell is at a perfect lattice 

site which is left vacant and can be taken as the origin. Two 

interstitial atoms at ( ±x,0,0)a/2 are surrounded by 12 nearest 
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Fig . 12. Detect space ot <tfMi>-clumbbeii in t ec 
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neighbours and 6 second nearest neighbours; altogether there are 

21 lattice sites when we consider the detect to extend only up to 

second neighbours. Therefore one has to deal with 63x63 complex 

matrices. Assuming that all the neighbouring atoms are at their 

own lattice sites, there are seven different new distances in the 

detect space: 

Ri = 2xa/2 

R2 =1(l-x)2 + 1)1/2 a/2 

R3 =t(l+x)2 + 111/2 a/2 

R4 =(2+x2)l/2 a/2 (4.1) 

R5 =(2-x) a/2 

R6 ={4 + x2)l/2 a/2 

R7 =(2 + X) a/2 , 

where a is the lattice constant. The vacancy is described by zero 

coupling to its neighbours. Due to the presence of interstitials, 

the different atoms m defect space undergo relaxation and the 
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distances between them also change, but m this caicuiation such 

relaxations have been ignored. 

The different force constants m the defect space are 

expressed m terms of longitudinal force constants A and 

transverse force constants, B {i=l,2 7). For the pair part 

1 d^I 
A = 

dr •r=r 
1 

„1 1 ai 
B = - __ 
1 r dr 

(4.2) 
r=r 

1 

The force constants corresponding to the embedding energy 

are expressed as the first and second derivatives of the 

embedding energy as given by equation (2.6); and the electron 

density by equation (2.2). The force constants are : 

! ,. ., j2 , { , ^ }2 

A = F (c ) \ >f • r . c -• + F (̂  ) )f • • jr 'c -• (4.3a) 
' < = > ! / i l k - I ' o i / Ik- I ' e 

i ~ 

k 
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and B"̂  = - ^ F (,̂  )̂ f'|r , \d^^ (4.3b) 

where the Kronecker delta refers to the distance between the atom 

1 and atom j (ij); and between the atom j and atom k (jk). 

The tirst and second derivatives ot the embedding energy at 

equilibrium m the interstitial space are expressed m terms of 

the ratio ot equilibrium electron density m the interstitial 

space to that m perfect space as : 

f 1 li I e l 1 f e l t 
F |,J ̂ i= -F(c ), m ! I 1 (4.4) 

elj e — [ c \\ c j 

" \c 1= -F(̂  ).'!--^^-Ml+(>-l)ln!-^V''l (4.5) 

The electron density m the detect site c is expressed as a 
el 

sum of electronic charge density of all the neighbours m the 

detect space. 
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o = t{Ri) + 4f(R2) + 4f(R3) + 4f(R4) + f(R5) + 4f(R6) + t(R7). 
' el 

14.6) 

Similarly charge densities at other atoms in the defect space are 

tound. 

The total torce constants in the defect space is the sum of 

the pair part coming from the Morse form and those from the 

1 2 
embedding function, that is the total torce constants A = A +A 

1 2 
and B = B + B . 

The force constants of the ideal lattice are represented by 

o o 
A., B , with 1 = 1,2 referring to the first and second neighbour 

distances. Using the force constants and the force constant 

changes in the defect space the force constant matrices for the 

host and the defect lattice, $ and ^, respectively are obtained 

which are then used to calculate the perturbation matrices V or 
RR 

o 
V . The elements of the Green's function matrix G follow the 
RR 
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symmetry of ideal lattice (O m this case) which restricts the 

number of non-zero distinct elements. The number of non-zero 
o 

distinct elements of G(.u) m the present model is 19. 

Apart from destroying the translational symmetry of the 

lattice complex, defects like dumbbell mterstitials cause a 

reduction in the site symmetry from the the cubic to some group 

of lower order. In the case of <100>-dumbbell the point-group 

symmetry is tetragonal (D ). The cartesian components of the 

amplitude of the displacements of the atoms from their 

equilibrium positions m the defect space provide basis functions 

tor the reducible representation of the point group D . The 
4h 

total defect space is decomposed into its different irreducible 

subspaces according to irreducible representations of the point 

group D L̂ 7J : 
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D = bA + 3A + 4B, + 3B,, + YE 
4h Ig 2g Ig 2g g + A 

+ 7A, + 2B, + 3B,, + 10E (4.7) 
2u lu 2u u 

The symmetrY coordinates used in the decomposition ot the 

detect space are taken from the review by Ram [46] . The ditterent 

irreducible representations together with the symmetry 

coordinates are usetui to identity the different characteristic 

detect modes (resonance modes and localized modes) in the 

frequency spectrum of the dumbbell. 

43 LOCAL DENSITY OF STATES 

The vibrational frequency spectrum of the detect can be 

expressed from the imaginary part of the defect Green function 

G (d,d;u:.) , which is the dynamical response ot the defect d m 

the presence ot perturbation m the a-direction due to a unit 
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torce with trequency u_. on the detect d is given by equation 

13.b0). The detect Green's tunction can be projected m different 

subspaces of the detect space as : 

G (d,d;....) = <daiG(..) !d&> 

d„c'_ 
1 1 

^ 'T̂  '^ ,^ ^ , , ^ ^ 
= ) > ) <da! i u j X i L.J ;G(.-^.) ii ,ijj • ><i Lrj ' ; da> ( 4 . 8 ) 

i-i Li Li ' ' ' 
r^ ,- J J • 

where a.^ gives the number of times that the T-th irreducible 

representation with dimension d„ occurs m the total 

representation fD-ih. The coefficient <da|r,iLj> can be calculated 

from the symmetry coordinates [46] which facilitate the 

calculation of the defect Green's function: 

Ĝ (̂d,d,v.) = G^^ia.d;^.) = (G^^ + G^" )/2 (4.9a) 

G^^(d,d;.) = (G^^^ . G ^ f ) . (4.9b) 
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From the above equations, the dumbbeli motions occurs m A , E , 

A and E modes. The local density of states of the dumbbell 

given by equation (3.b0) takes the form : 

-'^•^-=^-[-c?^-cc^C^Cj '-»' 

From the different elements of the defect Green's function, 

G (d,d;'̂ ) , G (d,d;(u) and G (d,d;uj), one can already see the 

displacement pattern of atoms m the defect space of various 

irreducible representations. This can also be interred from the 

symmetry coordinates. The vibrational motion of the dumbbell and 

Its nearest neighbours for all the four irreducible 

representations where interstitial motion is involved is shown m 

Fig.13. As can be inferred from Fig.13, except for the breathing 

mode A , where a more dominant longitudinal force constant 
1 a 

between the dumbbell atoms is involved, in all other irreducible 

representations the nature of the vibrational modes is controlled 

by transverse force constants and consequently the nature of the 
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characteristic mode is determined by the phase shift between the 

motions or the dumbbell atom and its neighbours. They are m 

phase m resonance modes and out of phase in localized modes. Not 

surprisingly, the local density of states of the dumbbell shows 

only localized mode, m the case of A whereas m the other 
1 Q 

irreducible representations both resonance as well as localized 

modes may occur. 

4.4 RESULTS AND DISCUSSJONS. 

We have calculated the local density of states of 

< 1(30>-dumbbell m Cu, a typical example of fee metals. To do this 
o 

we have generated the ideal lattice Green's functions G(.'.), m 

addition to evaluating the force constant changes in the vicinity 
o 

of the defect. To compute G (..>), we have chosen two sets of force 

constants: (i) the force constants given by Nicklow &L al ill] on 

the basis of the Born von-Karman force model from the measured 
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phonons in neutron scattering experiment and (ii) the torce 

constants calculated trom the EAM potentials as discussed m 

Chapter 11. The moditied Gilat-Raubenheimer method I.126J is used 

to compute the Green's tunctions lamily. Case (ii) has been done 

to extend the use of the EAM potentials in defect calculations, 

especially the local density ot states ot the <100>-dumt)bell in 

Cu, where the obtained ideal-lattice phonons are in good 

agreement with the experimental phonons. To calculate the detect 

Green's tunction G(VJ), the torce constant changes m the detect 

space has been calculated trom the EAM potentials with the 

interaction extending up to second neighbours only. The position 

of the dumbbell atoms are taken trom Oda &i '-d L37J 

(̂  0.b666, 0, 0)a/2. 

Knowing the position of the dumbbell atom and the other 

atoms in the defect space which are assumed to be m their ideal 

respective positions, we have calculated seven sets ot torce 

constants (A ,B , 1=1,7) corresponding to different distances m 
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the defect space. Two parts of force constants have been 

calculate: (1) the force constants corresponding to the EAM part 

and (2) the force constants corresponding to the Morse part of 

the energy. To calculate the force constants corresponding to the 

EAM part of the energy, the electron density in the interstitial 

space IS calculated by using equation (4.6), the first and the 

second derivatives of the embedding energy are expressed in terms 

of the electron density ratio in the defect space, using 

equations (4.4) and (4.5) with other EAM potential parameters 

already calculated in Chater II. The electron density m the 

defect space is higher compare to that in the perfect lattice 

space due to the presence of an additional interstitial atom and 

this is crucial for the embedding energy and its derivatives in 

the defect space. Then the force constants are calculated from 

equations (4.3a) and (4.3b). The force constants corresponding to 

the Morse part are calculated in a straight forward manner, using 

equations (4.2). The force constant changes in the defect space 

are the sum of the force constants from these two parts. The 
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calculated force constants are presented in Table V. The 

obtained torce constant changes are utilised to calculate the 

defect Green's function for both the cases. 
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Table V : Force constants and torce constant changes in the 
4 

units of 10 dynes/cm, tor ideal lattice and tor 

<100>-dumbbell in Cu, using EAM potentials. 

Force 
Constant 

Aoi 

Bol 

Ao2 

Bo2 

Al 

A2 

A3 

A4 

Ab 

Ab 

A7 

Bl 

B2 

B3 

B4 

B5 

B6 

B7 

Embedding 

Part 

-0.04069 

0.0b957 

-0.05560 

0.03130 

3.845b 

5.5418 

0.1319 

5.5418 

0.7757 

0.1311 

0.0163 

-0.2978 

-0.4058 

-0.0130 

-0.4058 

-0.0709 

-0.0104 

-0.0028 

Morse 

Part 

3.03682 

-0.08402 

-0.20669 

0.03773 

27.62917 

41.58510 

-0.23746 

0.90803 

2.57096 

-0.17336 

-0.04071 

-2.82077 

-4.64450 

0.05638 

0.05855 

-0.04739 

0.02825 

0.00474 

Total 

2.99613 

-0.02445 

-0.26229 

0.06903 

31.47467 

46.82690 

-0.10616 

6.44983 

3.34666 

-0.04226 

-0.02441 

-3.11857 

-5.0503 

0.04338 

-0.34725 

-0.11829 

0.01785 

0.00194 
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The local density of states of <100>-dumbbell are then 
o 

calculated and presented m Fig. 14 when G(a.) is calculated from 

the torce constants based on the experimental phonons and Fig.lb 

when the EAM potentials are used consistently. In the first case 

the torce constant changes are scaled according to the 

experimental torce model to ensure the consistency of force 

constants used. In each of these figures the host density 

spectrum is also included for comparison. The dummbell spectrum 

shows the occurence of characteristic modes. The resonance modes, 

within the in-band spectrum and the localized modes beyond the 

crystal frequency. 

When the EAM potentials are used consistently, two resonance 

modes, E and E occur m the low frequency region of the 

spectrum whereas the A resonance mode occurs near the maximum 

frequency of the crystal; as expected the breathing A mode does 

not show any resonant characteristic but instead it shows up as a 

localized mode only. When the experimental phonons are used, only 
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the E and E resonance modes occur, whereas the A mode spiiis 
g u 2u 

out to become localized mode. The trequencies ot resonance and 

localized modes m both the cases are presented m Table VI. One 

can see that when the EAM potentials are used m the detect space 

to calculate the torce constant changes, the defect modes shitt 

towards the higher trequencies, especially m the case ot Â  

resonance modes which even spills out to become localized modes. 

It may be noted that the number of localized modes are also 

reduced compared to ealier results by Dederichs 144J and Ram L46J 

using first neighbour detect model. The decrease in the number of 

defect modes may be because of the complete neglect of 

relaxations around the interstitial which is quite drastic m the 

case of <100>-dumbbell m fee metals. 
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Table VI: Frequencies (m Thz ) of resonance and localized modes 

in Cu, when the EAM potentials are used consistently (a) and when 

experimental based phonons are used (b). 

Irreducible 

representations 

Resonance 

modes 

Localized 

modes 

Remark 

E 

A^ 

E 

1 . 9 8 

5 . b 6 

2 . 1 2 

1 1 . 0 8 

1 2 . 9 4 

1 3 . 1 6 

I Q 

E 

A^ 
2 

E 

1 . 6 2 

2 . 2 0 

7 . 3 0 , 1 4 . 0 6 

7 . 3 6 

b 

b 

b 

b 
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To conciude we note that the most important feature of the 

dumbbell spectrum, i.e., the presence of low-frequency resonance 

modes and high-frequency localized modes with little 

participation from the normal modes of the host lattice, is 

reproduced by the EAM potentials. This is presumably the first 

application of EAM potentials to the study of detect lattice 

dynamics. We hope that m a detailed application including the 

static distortion around the detect more accurate results would 

be obtained so as to facilitate a comparison with possible 

experimental findings. 
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CHAPTER V 

LOCAL DENSITY OF STATES OF <110>-DUMBBLLL IN BCC METALS 

5.1 INTRODUCTION 

The study of dynamics of point defects, self-interstitiais 

and vacancies plays an important role in understanding the 

properties of radiation damage in metals. Compared to fee metals 

less attention has been paid to the study of SIAs in bcc metals, 

though the symmetry and structure have been invetigated by 

computer simulations and experiments. For normal bcc metals the 

<110>-dumbbell configuration seems to be the most stable one. The 

stability of <110>-dumbbell configuration has been found out m 

computer simulation studies in a-Fe by Ergmsoy «?c at [291 and by 

Johnson 130J. The same structure has been found in Mo 131J and in 

W L32J. The result is well supported by experimental measurements 

: diffuse X-ray scattering in Mo LliiJ and a-Fe, elastic 

after-effect in a-Fe 122J and W [23J, internal friction m a-Fe 

L24J, Mo L25J and W L26J; magnetic after-effect in u-Fe [27] and 

change in elastic constants m Mo 1.19,28J. 
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As regards the dynamics of tne SIAs m bcc metais, it is not 

yet fully investigated as compared to that of fee metals. 

Recently, Ram L47J has reported a calculation of the local 

density of states of the <110>-dumbbell in Mo. This study was 

extended by Blah ei al 1.48] to calculate the local density of 

states of the neighbours of the dumbbell which were expected to 

affect the properties of the irradiated metal significantly :of 

special interest was the local density of states of the closest 

neighbours of the dumbbell in the (110) plane which is supposed 

57 
to be substituted by the Mossbauer impurity Co in irradiated 

Mo Co and was expected to have significant bearing on the 

observed reduction m the Debye-Walier factor 14/J. As expected 

many of the characteristics of the dynamical behaviour of SIAs in 

fee metals are also exhibited by SIAs in bcc metals : the local 

spectrum of <110>-dumbbell consists of low-frequency resonance 

modes and high-frequency localized modes with little contribution 

from the eigenfrequencies of the perfect lattice, and the 

resonance modes lead to a large thermal displacements of the 

defect, can explain the large reduction in shear moduli and 

provide a consistent picture of long-range migration of SIAs in 

Mo. However, contrary to earlier expectations, the vibrational 
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modes ot the closest neighbour of the dumbbell in (110) plane, 

which IS substituted by the Mossbauer impurity, do not explain 

the observed reduction in the Debye-Waller factor and the 

question of its interpretation is considered to be open L48J. 

Obviously the need for the further investigation in the dynamics 

of SIAs m bcc metals can not be overemphasized. In the 

calculation of local density of states ot <110>-dumbbell and its 

neighbours m Mo, the ideal lattice Green's functions were 

calculated using phonons based on force constant model obtained 

from Born-von Karman fits to the measured phonons in neutron 

scattering experiments L126J. On the other hand for calculating 

the equilibrium positions of various atoms in the defect space 

and thereby tor evaluating the various force constants m the 

vicinity ot detect, we have used the potential constructed by 

Johnson and Wilson (JW) L41J from elastic constants and unrelaxed 

vacancy formation energy. To achieve some measure of consistency 

the torce constants obtained on the basis ot the JW potential are 

scaled with the most dominant nearest neighbour longitudinal 

force constants appearing in the lattice-dynamical force model 

derived on the basis ot experimental phonons and thus the JW 

potential is used only to estimate the relative magnitudes of 
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different force constants in the defect space. Though with the 

procedure outlined the perfect phonons are correctly described, 

normally, in any such point defect calculation the potential used 

tor calculating force constants near the defect should be 

consistent with the force constant model used to generate the 

Ideal lattice Green's functions. Since the potential function 

corresponding to the force constant model used tor the perfect 

lattice description is not known, an alternate and more 

consistent procedure is to use the same pair potential to 

calculate the Green's functions as well as the force constants in 

the vicinity of the defect. Therefore m the present chapter we 

used the JW potential consistently for both the calculation of 

the perfect lattice Green's functions as well as for calculating 

the torce constants between various atoms in the defect space in 

all the three metals : a-Fe, Mo and W. In fact, the chapter also 

includes the study of the vibrational behaviours of the above 

metals by using the phonon-based force constants to calculate the 

Ideal lattice Green's functions as done earlier 147,48J. 

As the JW potential is simple in nature, it can be easily 

applied to any defect calculations. It has been used in 
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calculations of irradiation-produced point defects m bcc metals 

and gives the correct trend for the properties of point defects 

in various bcc metals. More importantly, the JW potential clearly 

represents the difference m elastic property between two group 

of bcc metals; i.e., between so called normal metals ->v-Fe, Mo and 

W and superconductors, V, Nb and Ta, a property quite vital for 

the configuration and migration characteristics of SIAs m these 

metals. However,apart from the use of the constant unrelexed 

vacancy formation energy of 1.8 eV for all the bcc metals 

considered, the JW potential has a shortcoming in that it leads 

to a very high value of activation energy of interstitial 

migration. This indicates that the electronic effects might be 

quite important in bcc metals as many pair potentials also fail 

to give low activation energies found m experiments [bb\ 

Incidentally, the improved N-body potentials based on the 

embedded atom method L50J gives lower values of migration energy, 

though still much larger than experimental values, but they fail 

to give the correct configuration of SIAs m Mo and W. Under 

these circumstances, the JW potentials are considered to be the 

only available set at present which represents the crystal 

properties well though some pair potentials have been constructed 

IJl 



by a similar method. Nevertheless we teel that the JW potentials 

can be used consistently to calculate the dynamics of normal bcc 

metdls. 

In order to study the eftect of the pair potential used to 

describe the host metal we have calculated the local density of 

states of <110>-dumbbell m a-Fe, Mo and W by two methods : (i) 

by using the JW potential consistently and (ii) by following the 

procedure used m the earlier work L47,48J where perfect lattice 

is described by phonons measured m neutron scattering 

experiments. The broad feature of the local frequency spectrum of 

<110>-dumbbell m all the three metals remains the same 

irrespective of the description of the host metals either by JW 

potential or by measured phonons: the spectrum consists of a 

number of low frequency resonance modes and high frequency 

localized modes, with little contribution from the host 

frequencies. However, important diftereces are observed m some 

of the resonance and localized modes, e.g., the libration mode 

B gives a prominent peak m the case of a-Fe, while it is 

absent m W irrespective of the pair potential used for the 

perfect lattice description. On the other hand the behaviour of 
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Mo IS quite ditferent : while two B resonance modes - one at 

low frequency and the other just below the top of the band are 

obtained when force model consistent with measured phonons are 

used, it IS absent when JW potential is used consistently. 

52 <110>-DUMBBLLL iN Bcc LATTICE 

The <110>-dumbbell configuration m bcc metals is shown in 

the Fig.16. The centre of the dumbbell is taken as the origin of 

coordinate systems. The positions of the two interstitial atoms 

then are ( r x,± x, 0 ) m the unit of half lattice constant. Due 

to the presence of the defect there is a change m force 

constants and we consider a second-neighbour model with force 

constant changes extending up to second neighbours of the 

dumbbell site. In this model the dumbbell is surrounded by 8 

nearest neighbours and 6 second nearest neighbours. Altogether 

there are 17 lattice sites and one has to deal with a 51X51 

complex matrices. To simplify the computational problem, group 

theory exploiting the site symmetry of the defect can be used. 
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Fig. 16. Detect space tor <110> dumtJbeii in bcc lattice' 

134 



In order to construct the defect matrix, one has to consider 

the torce constants between one ot the dumbbell atoms with the 

other atoms : the torce constants between (1,1), between one of 

the dumbbell atoms and its nearest neighbours in (ll(/)) plane 

e.g., (1,2) between the dumbbell with one ot its tour nearest 

neighbours in (110) plane, e.g., (1,4), between the dumbbell 

atoms with one ot its second neighbours in (001) plane, e.g., 

(1,6) and between the dumbbell atom with one of the second 

neighbours m Z-axis, e.g., (1,8). Withm the detect space there 

are five sets of new distances which give rise to five sets of 

new force constants. The new distances are : 

Rl = y'^a 

R2 = L 1 + 2(l-x)"^ J"''̂ '̂ a/2 

R3 = L 1 + (1 - X )^ J'*"̂ â/2 (b.l) 

2 9 ] /9 
R4 = L X + 2 - X ) J a/2 

R5 = L 4 + 2x'̂ ]"'"̂ â/2. 

Corresponding to these distances the force constants are denoted 

by A ,B (1=1,5), with 
1 1 

135 



. - " ' ^ and B = i -^^j (5.2) 
1 R ^ d R ^ •R=R "i dR •R=R 

1 1 

The vacancy is described by zero coupling to the neighbours. The 

o o 
force constants of the ideal lattice are represented by A B , 

1 1 

i=l,2 referring to the first and second neighbour distances. 

Using these force constants, the force-constant matrix for the 
o 

defect lattice and the host lattce § and 5 respectively are 
o 

obtained. The elements of the ideal lattice Green's function G 

needed m the present defect model are 16 m number. These 

elements are determined by O symmetry of the host lattice. 

In the present case of <110>-split mterstitials the site 

symmetry is reduced from cubic (0 ) to orthorhombic (D ) . The 

h 2!-, 

total detect space is decomposed into its different irreducible 

subspaces according to irreducible representations of the point 

group D , 
2h 

'D = 8A + 5B + bB^ + 5B^ + 3A + 8B +8B + 8B (b.3) 

The required symmetry coordinates for different irreducible 

representations are taken from Ram L46,47J which also helps to 
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identity the different modes of vibration of the dumbbell. Such 

identification is quite helpful in discussing the local density 

of states of the dumbbell and the possible resonance and 

localized modes of the dumbbell atoms and their neighbours. 

The local density of states of the defect atom is expressed 

in terms of the defect Green's function G(d,d,cu) (Eq.(4.7)). For 

the dumbbell atom the defect Green's function is [46,47J 

G (d,d;co) = G (d,d;(,o) 
XX yy 

A o B 1 Q B 2 u B 3 u 

B 2 Q B lu 
G (d,d;co) = 1/2 ( G^' + G^„ ) (5.5) 
zz cc cc 

The local density of states of the defects is then given by 

Au Bio B2u B3u B2a B i u . 
Z(d,i-o) = (coM/3rT) Im LG - + G - + G + G + G ' + G J. 

' CC CC CC CC CC CC 

(5.6) 
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where Ĝ (̂...) = ( i^^- ^cR^RR^" ̂  ̂ Rc""cc" ^' ^^^^^^^^^ ^^^ ^^^^^ 

vibrational properties of the interstitial whose poles 

Iquasipoles) determine the trequencies ot the localized 

(resonant) modes. From the elements ot the defect Green's 

function G(d,d;^; and the symmetry coordinates [bSj, it can be 

concluded that the dumbbell atoms move parallel to its axis m A 

and B̂  modes and perpendicular to it m all other four modes. In 

B and B̂  modes dumbbell atoms move along L110J while m B 
i -I 2_. 2 J 

and B modes the dumbbell atoms motion is m the Z- direction. 

The motion of dumbbell atoms and its four nearest neighbours m 

(110) plane in different modes is depicted in Fig. 17. From the 

figure, it is evident that the force constants between the 

dumbbell atoms are involved only m the case of even modes (A , 
a 

B , and B ). While m the case of A mode the dominant 
i J 2 o 

longitudinal force constant between dumbbell atoms is involved 

and the relatively weak transverse force constant is not 

important, m the other two modes the longitudinal force 

constants are not involved and, therefore, the transverse force 

constants are quite effective. Consequently, m the A mode, one 

expects a localized mode, while m the other modes, both the 

resonance and localized modes may be expected depending upon the 
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Fig 17. Vibrational modes ot <110>-dumbbell in bcc metals 

< 7 
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motion ot the neighbouring atoms of the dumbbell. It the 

neighbours move in phase or out of phase with the dumbbell atom 

we get resonance mode or localized mode accordingly. For 

odd-symmetry translation modes B , B , and B also the nature 
1 u 2 u 3 u 

of the characteristic mode is decided by phase shift between 

motions ot the dumbbell and its neighbours, i.e., they are m 

phase for the resonance modes and out of phase for localized 

modes. 

5.4 RESULTS AND DiscussioNS 

In order to calculate the local density of states one has to 

evaluate the force constants in the vicinity of the defect in 

addition to generating the ideal lattice latiice Green's 

functions. In order to calculate the force constants in the 

defect space using JW potential the relaxed positions of atoms 

have to be determined. The equlibrium positions of various atoms 

m the defect space have been determined by the Green's function 

method of lattice statics L45J. However, the equilibrium 

positions of the dumbbell in c.-Fe (± 0.5330, ± 0.5330, 0) , 

Mo ( ± 0.5283, ± 0.5283, 0) and W ( ± 0.5434, ± 0.5434, 0) are 
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taken from Taji ^t czc [33] who have used the same JW potentials 

m their molecular-dynamics simulation- The strongest distortion 

IS sulterred by tour nearest neighbours of the dumbbell m the 

(llo) plane with the obtained magnitude 0.225a/2 for all the 

three metals. On the other hand Ergmsoy &i al [29J reported a 

value 0.29a/2 for the displacement of the same atoms on the basis 

of computer simulation of u-Fe. The Green's function method of 

lattice statics, which is based on harmonic approximation, 

underestimates the distortion nearest to the dumbbell and, 

therefore, in the calculations reported here the magnitude of 

distorion tor these atoms was taken to be 0.29a/2 m all the 

three metals. This is considered to be reasonable m view of the 

tact that m units of a/2, the separation between the dumbbell 

atoms is almost the same tor all the three metals: c.-Fe, Mo and W 

as also the lattice statics value ( = 0.225a/2) of the distortion 

of these nearest neighbours. With the equilibrium position of 

the atoms m the defect space thus taken into account, the sets 

of force constants A , B (i = 1, b) are calculated using JW 
1 1 

potential. The result is presented in Table-Vll. The Table Vll 

contains the ideal-lattice nearest neighbour and second neighbour 

0 o 
force constants (A , B , i= 1,2) as well. 

1 1 
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4 
Table VII: Force constants in the units of 10 dynes/cm in the 

ideal lattice as well as in the defect space of <110>-dumbbell in 

a-fe, Mo and W. The force constants are derived from the JW 

potentials. 

Force 

Constants 

Aol 

Bol 

Ao2 

Bo2 

Al 

A2 

A3 

A4 

Ab 

Bl 

B2 

B3 

B4 

B5 

a-Fe 

b.23743 

-0.34«82 

1.769b3 

0.16626 

44.97021 

b8.6468b 

4.44385 

14.50427 

0.89282 

-3.4947b 

-5.13007 

-0.10712 

-0.8b602 

0.19904 

Mo 

6.4b776 

-0.55420 

5.27710 

0.17877 

49.55249 

62.14331 

3.60510 

14.83508 

3.42505 

-4.42053 

-6.11b72 

-0.29208 

-1.05573 

0.31140 

W 

8.185W6 

-0.53278 

5.96631 

0.13684 

67.24194 

90.52246 

2.73730 

25.62451 

3.23877 

-5.33844 

-8.33142 

-0.25525 

-1.48389 

0.29517 
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The perfect lattice Green's tunction of a-Fe, Mo and W was 

calculated by a modified Gilat-Raubenheimer method 1126J. Two 

sets of phonon data have been utilized for each metal: (i) 

phonons calculated on the basis of the JW potential and (ii) 

phonons calculated with the force models derived from Born-von 

Karman fits to the measured phonons; these include a 

fifth-neighbour general force model derived by Minkiewicz, 

Shirane, and Nathans [73] for a-Fe, a third neighbours axially 

symmetric model by Woods and Chen [72] for Mo and a third 

neighbour general force model by Chen and Brockhouse [74] for W. 

Thus two sets of local density of states curves are obtained (i) 

one using JW potential consistently and (ii) the other using 

Green's function based on force models derived on the basis of 

measured phonons and force constants in the defect space using JW 

potential. However, in this case ttie force constants obtained 

o o 
with JW potentials are scaled by a factor equal to A (phonons)/A 

o 
IJW) where A (phonons) is the nearest neighbour longtudmal force 

constant occurring in force model derived from measured phonons 

o 
and A (JW) is the same force constant based on JW potential. 

This type of procedure is essential for ensuring consistency 

between used phonons in the calculation of the Green's functions 
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and the used torce constant changes in the defect space. 

The calculated local frequency spectra of the <110>-dumbbell 

m cx-Fe, Mo and W, using JW potential consistently are plotted m 

figs, 18-20. The dumbbell spectra based on experimental phonons 

are presented in Figs. 21-23. In these figures the host-lattice 

spectrum is also included for comparison. The result for local 

spectrum of <110>-dumbbell in Mo using measured phonons has been 

reported earlier [47,48]. The broad features of the detect 

spectra in all the three metals are similar. The spectra consist 

of a number of low-frequency resonance modes and high frequency 

localized modes with little contribution from the normal modes of 

the host lattice. This conclusion is independent of the type of 

phonons used for the perfect lattice description. This result of 

<110>-dumbbell is identical with that of <100>-dumbbell in tec 

metals. This pattern ot defect spectra should be common to all 

split-configuration of mterstitials in metals which stem from 

following discussions: in the highly compressed region near the 

interstitial, the torce constants are very large and even the 

transverse force constants become comparable to nearest neighbour 

o 
longitudinal force constant A in the ideal lattice. However, due 
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to repulsion of the atoms the transverse force constants are 

always negative. Thus whenever the large longitudinal force 

constants between dumbbell atoms or the dumbbell and some of its 

neighbours are involved one gets high frequency localized modes 

in which the dumbbell motion is out ot phase with ttiat ot the 

neighbours, on the other hand when the neighbouring atoms move m 

phase with dumbbell atoms so that connecting strong longitudinal 

forces are not effective and consequently the negative transverse 

force constants cause the mode frequency to be lowered, one gets 

low-frequency resonance modes. 

The obtained resonance- and localized mode frequencies when 

(JW) potentials are used consistently are given in Table-VIII 

while Table IX contains the defect mode frequencies when measured 

phonons are used. Irrespective of the potential used to describe 

the perfect crystal m all the three metals, the breathing mode 

A shows localized modes whereas in all other modes where 

dumbbell motion is involved generally both resonance and 

localized modes are found. Another common features of dumbbell 

spectrum in different metals is the occurrence of resonance modes 

pertaining the irreducible respesentation B , B and B 
lu 2u 3u 
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Table VIII: Frequencies (m Thz) of resonance and Locaiized modes 

for a-Fe, Mo and W in different irreducible representations when 

the JW potentials are used consistently. 

Frequency Frequency 

Metals Irreducible of of 

Representations resonance modes localized modes 

A - 11.32 
g 

B, 1.68 11.32 
ig 

^ 9 

a-Fe B 2.18 
lu 

B^ 2.70 11.70 
2u 

B„ 0.b9 16.88 
3u 

A - 9.70,16.28 
g 

B, - 9.38,lb.62 
-Lg 

B 2.16 
2g 

Mo B 3.28 15.86 
lu 

B,, 2.64 9.b8 
2u 

B„ 2.16 13.72 
3u 
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B 
icf 

B. 
2g 

iu 

2u 

B. 
3u 

1.14 

2.28 

1.82 

1.38 

8.04,13.92 

8.14 

13.54 

13.72 

8.30 

11.76 
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Table IX : Frequencies (m Thz) of resonance and Localized modes 

tor cx-Fe, Mo and W m ditterent irreducible representations when 

experimental phonons are used. 

Frequency Frequency 

Metals Irreducible ot of 

Representations resonance modes localized modes 

A - 9.37,10.99 
g 

ig 
2.42 10.94 

B,, 1.86 
2g 

{-Fe B, 3.08 
lu 

B., 3.26 11.24 
2u 

B.̂  1.88 9.46,16.10 
3u 

A - 8.26,12.77 
y 

B, 1.39,7.995 
ig 

B,, 2.73 12.17 
2g 

Mo B, 3.55 12.38 
lu 

B.., 3.11 8.07 

B.̂  2.59 10.965 
Ju 
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g 

B 
ig 

'2g 

iu 

2u 

3u 

i.98 

2.7 8 

2.18 

i.86 

7.30,12.12 

7.34 

11.84 

12.00 

7.46 

10.40 

Ibb 



whether the pertect lattice is represented by phonons based on JW 

potential or by measured phonons. The behaviour of B mode is 
29 

typical m a-Fe, both resonance and localized modes are absent 

when the JW potential is used consistently but when the 

experimental phonons are used, it appears as a resonance mode 

only. In the other two metals the B^ resonance mode appears 

irrespective of the phonons used,but the localized mode is absent 

m the case of Mo when the JW potential is used consistently. The 

behaviour of B mode is unique in the sense that in the three 
i q 

metals studied the mode has different character. In a-Fe one gets 

resonance as well as localized modes and in W only localized 

modes are obtained and this results is independent of the type of 

phonons used in the calculations. In Mo one gets only localized 

mode when JW potential is used consistently while only resonance 

modes are obtained when measured phonons are used. As regards, 

differences based on use of different potentials for the perfect 

lattice description, from Tables -VIII and -IX, we observe that, 

we get less number of characteristic modes when JW potential 

based phonons are used as compared to when measured phonons are 

used m a-Fe, while in Mo and W same set of defect modes are 

156 



obtained except for reshuffling of resonance and localized modes 

in some irreducible representations. This indicate that some of 

the important structures in the frequency spectra of the host 

metals must be shifted in frequencies when the JW potentials are 

used to calculate the phonons. 

The calculated frequency spectra have been used to calculate 

the mean-square thermal displacements of dumbbell atoms as well 

as the host atoms. For the calculation of the mean-square thermal 

displacements, equation (3.56) is used. The calculated 

mean-square displacements for the dumbbell and the host in all 

the three metals are presented in Figs. (24-26) When the JW 

potentials are used consistently and Figs. (27-29) when the 

2 
experimental phonons are used. We see that <u > of the dumbbell 

is large and increases essentially linearly with T for 

temperatures greater than 40 K. The results in all the three 

metals are similar to what was reported previously for Cu and Mo 

L4bJ . 
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As a result of low frequency resonance mode the SIAs show 

large diaelastic polarizability. The most important contribution 

to change of elastic moduli is given by 146,63J. 

AĈ ' = — - < s'^RltO) ; ŝ'R > (5.7) 

Where -î  are eigenstrams, R are the position vectors of atoms, 

t(o) IS the t matrix m the static limit, V is the unit cell 
c 

volume and c is the concentration ot defects. The changes in 

different elastic moduli A(C^ ,+ 2C, ), A(C , - C ) and ^(20 ) 
11 12 11 12 44 

Ao , Ao Bio, , , A'-> B2u B3u, 
are determined by t ", (t ', t ') and (t ', t ', t ) 

respecticvely Lb8J. In the presence ot sharp resonance modes it 

IS clear that ^(C - C ) and A(2C ) are determined by 

librationai modes B and B , respectively. For resonance modes 

the t-matrix is approximated by L2J 

i rxr I i rxr 1 
t(0) = V - V -i —-L V î  - V —^ V (5.8) 

Mcu Mu 

r r 

where V = i - f is the force-constant change matrix pertaining to 

the entire detect space and ;r> is the normalized resonance 

state. For resonance modes change m shear moduli is always 
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negative. The reduction m shear moduli is inversely proportional 

BlQ 

to the resonant trequency. We see from Table IX that for Mo LL. -

< . "̂ ,̂ we conclude that -LC > - LC ^ which is m agreement with 
r 44 

the experimental measurement ot Okuda and Nitzubayashi I13bi. 

However, m the reverse result -AC > - AAC ' is 
r r 44 

obtained. In W the librational modes B is absent and, therefore 
lo 

no such conclusion regarding relative magnitudes of LC and AC 
44 

can be drawn. 

In tdct the absence ot librational resonance mode B m W 

is an important features of the present results since this mode 

has important ettect on elastic constants. Obviously, only a 

measurement of elastic constants ot irradiated W and ô -Fe and 

further work using improved potentials for the description of 

perfect lattice as well as the defect will clarity the situation. 

As discussed previously by Ram [47] the long range 

migration of SlA's should occur through a combination of the 

translational modes B, and the librational mode B . However, 

3u 2g 
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there would be two possibble mechanism (i) a three demensional 

migration with reorientation of the dumbbell axis by 60 , a 

process tound m computer simulation, L44,30J and (ii) a two 

dimemsional migration with out reorientation m which the 

dumbbell jumps to neighbouring sites while its axis remains m 

the (110) plane. The three dimensional migration process has been 

Identified m magnetic after effect measurements m Fe [127,128j 

as discussed fully by Ehrhart r^i --.l 1129] . On the other hand 

Jacques and Robrock [130] proposed a planar migration of the SIAs 

m order to explain their elastic after effect measurements in 

electron irradiated Mo where a reorientation of the dumbbell axis 

was not observed upto 500K. The crucial question which of the two 

mechanisms is dominant in a particular metal for a particular 

environment e.g., temperature irradiation condition etc. As 

pointed out by Jacques and Robrock [135], according to Flynn and 

Stoneham [131] the transtion probabilty from the initial to the 

final state depends explicitly on the displacement amplitudes in 

both the states, the probability being large it there is a large 

overlap between the displacements in both the states. Since, both 

the resonance modes B, and B the strong displacement are 
3u 2g 

confined to (110) plane naturally the overlap is maximum when the 

166 



axis of the dumbbell remains m the plane. In any case, a plannar 

migration of SIAs in Mo not only explains the elastic after 

effect measurement, it also accounts for the peculiar behaviour 

of resistivity recovery observed in bcc metals, e.g., the 

occurrence of a close pair recovery stage beyond the temperature 

of uncorrelated recovery L132J. We conclude, that, a plannar 

jump provides a consistent picture of long range migration of the 

SIAs m Mo. Even m c-Fe a more complex migration process has 

been suggested L133J where long range migration is thought to be 

due to a plannar jump of interstitial without rotation, but in 

the same temperature range, (I,) another mechanisms is activated 
E 

which cause the interstitial to rotate at its place without jump 

or migration. The existence of both the process in the same 

temperature range is made possible by proximity of the activation 

energies for reorientational migration and rotation at the 

dumbbell site L44J. A plannar migration model seems to be 

appropriate tor W also which is compatible with resistivity 

recovery and with the observation of relaxation peaks associated 

with rotational motion without migration at low temperatures 

compared to interstitial migration temperature L23J a result 

similar to mixed dumbbell in Fe-Si alloy [134J which provided 
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basis tor the suggestion of plannar migration of SiAs in Fe. In 

Mo also there is experimental evidence for the existence of 

purely rotational jump with the observation of elastic relaxation 

peak at about 2bK which has <110> symmetry and which anneals at 

about 45K L135J. Thus, a two-dimensional migration mediated by 

resonance modes of <110> dumbbell seems to be applicable to all 

normal bcc metals. 
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CHAPTER VI 

LOCAL DENSiTV Of STATES OF FIRST AND SECOND NEiGHBOURS 

OF VACANCIES iN BCC M E T A L S 

6.1. INTRODUCTION 

The study of dynamics ot irradiation-produced point 

detects,vacancies and seif-interstitials, is of fundamental 

importance in an understanding of physical properties of 

irradiated metals. The study of dynamics not only provides direct 

interpretation to some of the physical properties but also 

ilucidates aspects of the general problem ot radiation damage m 

these metals. In this context most of the recent studies on the 

dynamics of point defects in metals, the focus of attention has 

been on self-mterstitials while relatively less attention has 

been paid to the dynamics of vacancies in metals though they are 

expected to play an equally important role m the interpretation 

ot various properties of the irradiated metals and also the 

structures ot vacancies are simpler than those ot the 

mterstitials. 
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The earlier studies L'/y/44J ot vacancies in metals were 

mostly concerned with their static properties like, energies and 

relaxations around the vacant site and only lew ot them have 

discussed the dynamical aspects ot vacancies. The works on static 

relaxation around the vacancy have, in general, shown that there 

is an inward relaxation of first neighbours and outward 

relaxation of second neighbours of the vacancy [79,33J. The 

production of vacancy together with the relaxation of different 

atoms m the vicinity of the vacant site alters the elements ot 

the interaction matrix between various pairs ot atoms besides the 

missing force constants between the vacant site and its 

neighbours. All these result m a modification of the local 

vibrational spectra of the different neighbours ot the vacancy, 

especially the spectra of the first and second neighbours. The 

appearances of some characteristic defect modes, resonant and 

localized modes in the frequency spectra are also possible. As 

tor dynamics. Land and Goodman LB0J carried out an investigation 

of the vibrational effects of vacancies in cubic metals with 

shore- ranged forces using a molecular approximation. Their 

result for copper showed appearance of a mode slightly above the 
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maximum trequency ot the crystal which they regarded as a local 

mode. On the other hand, Hatcher ~i d [Bl] have used Green's 

tunction method to discuss the vibrational behaviour of vacancy 

in Cu and ^-Fe and have tound that no local mode appears. 

Theretore, from the above inconclusive results on the dynamical 

aspects ot the vacancies, it has been felt that more work is 

needed to get a further insight and understand the vibrational 

behaviour of vacancies m metals. Quite recently Blah and Ram 

L136J have discussed the vibrational behaviour of vacancy in Mo. 

Another aspect which plays an important role m the study of 

vacancies is the choice of an appropriate potential suitable in 

the distorted region round the vacant site. Hatcher &i al 181J 

have calculated the local density of states of the first 

neighbours by using the Born-Mayer potential and the Morse 

potential and then pointed out that Morse potential seems to work 

well tor most of fee metals, while for a typical bcc metal, <̂ -Fe, 

a spline fit type potential due to Chang and Graham [82,83J 

works well. From our experience with vibrational properties of 

selt-mterstitials m ĉ -Fe, Mo and W and their neighbours in Mo 
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L47,48J, using Green's function method, it has been felt that the 

potential constructed by Johnson and Wilson (JW) 140J provides a 

resonable description of dynamical properties of point detects m 

these metals. The JW potential is fitted to elastic constants and 

unrelaxed vacancy formation energy and being a short range 

potential, it is expected to give a good account of the force 

constants in the region surrounding the vacancy [41J, especially 

when we model the vacancy with interactions up to the second 

neighbours only. The most important merit ot the JW potentials 

lies m the tact that they clearly represent the difference in 

elastic properties between two groups of bcc metals, i.e., 

between the so called normal metals <-̂ -Fe, Mo and W and 

superconductors V, Nb and Ta and correctly gives the structure 

-<llt)>-dumbbell of the selt-mterstitials m normal bcc metals as 

found experimentally. Further, except at some high symmetry 

points m the first Brilloum zone, the phonon dispersion in bcc 

metals is correctly described by the JW potential L40J. 

Therefore, m this chapter the JW potential is used to study the 

vibrational behaviour of the vacancy in three normal bcc metals : 
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ot-Fe, Mo and W and calculate the local density ot states of the 

atoms surrounding the vacancy. The local density of states is 

used to calculate dynamical properties such as formation entropy 

and mean square displacements of concerned atoms. The calculation 

of formation entropy for vacancies is important in more than 

one way : a knowledge ot formation entropy enables one to 

determine the concentration ot vacancies and to calculate the 

self-diffusion constant in metals; and in view ot the 

non-availability ot any reliable experimental value of formation 

entropy tor vacancies, a theoretical calculation of its value is 

worthwhile. As a matter ot fact, most of the earlier work on the 

vibrational properties of vacancies in metals concerned with the 

calculation of formation entropy. Earlier calculations ot 

formation entropy of vacancy in bcc metals include those by 

Burton [137J who obtained values ranging from 2.2k to 2.6k for 

bcc metals. Apart from the formation entropy, only the frequency 

spectrum of the first neighbours of the vacancy has been 

discussed using Green's function method. Besides the absence of 

local modes, the frequency spectrum of the first neighbours in 

the relaxed lattice has been found to be somewhat shifted to 
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lower trequencies. This is explained by the absence of coupling 

to the vacancy m the (111) direction. 

We have calculated the local density ot states ot the tirst 

and second neighbours of vacancies m a-Fe, Mo and W by two 

methods : (i) by using the JW potential consistently , i.e., for 

the calculation ot perfect lattice Green's functions and the 

changes m force constants in the vacant site and (ii) by 

following the procedure used in the earlier work regarding 

self-mterstitials 147,48J where perfect lattice is described by 

phonons measured in neutron scattering experiments L'/2-74J while 

the force constants near the vacancy are found from JW potentials 

and they are scaled by nearest neighbour force constant m the 

lattice dynamic model. From the local frequency spectra of the 

first and second neighbours ot the vacancy, the vacancy formation 

entropy can be calculated at ease since the change m frequency 

spectrum ot the lattice is closely related to the local frequency 

spectra of the neighbours. The vacancy formation entropy are 

calculated both for the case of relaxed lattice as well as for 

the case of unrelaxed lattice. It is expected that the formation 

entropy tor the unrelaxed lattice will be smaller than that of 
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the relaxed case, 

b. d..\ LOCAL DENSiTY OF STATES 

As in the case ot SIAs, we use the Green's function method 

to obtain the local density of states of neighbours of a vacancy. 

The vacancy is taken at the origin and its interaction with the 

first and second neighbours is modelled by missing springs to 

these atoms which are then relaxed to new positions. This results 

m modifications of force constants between neighbouring atoms. 

The remaining atoms ot the host crystal beyond second neighbours 

are assumed to be unperturbed. The change in force constant due 

to the detect is 

Ai = i - c, (6.1) 

o 
where i is the force constant m a relaxed lattice and i- that in 

the Ideal lattice . With interactions extending up to second 
o 

neighbours , i and i are both (4b x 4b) matrices. 

By defining two subspaces C and R with C containing the 

defect and R the other host atoms the force constant matrix for 

the host lattice is 
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o o 

! CC CRi _ ,,, 
I o ° j ' (6.2) 

While tor a detect lattice 

[•0 ^ 1 
I i , (6.3) 
1 0 I I 

RR -' 

Since the subspace C does not contain any atom m the present 

case. Then the force constant change is given by 

Li -

0 

\ CC 
1 O 

i - 5 
RC 

0 

CR 

i - i i 
RR RR -' 

(6.4) 

The Green's tunctions tor the defect lattice are given trom 

equations (3.19) to (3.23). The same site Green's function is 

related to the local density of states according to Equation 

(3.b0). 
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6.2.d r ORMATION ENTROPY 

The production of a vacancy in a crystal increases the 

entropy ot the latter and this increase m entropy is known as 

the vacancy tormation entropy. The vacancy formation entropy is 

closely related to the local density ot states ot the neighbours 

of the vacancy, especially to those ot the first and second 

neighbours. The formation entropy ot the vacancy may be 

calculated m terms ot the change in the frequency spectrum in 

the presence ot the vacancy. The theory ot vacancy tormation 

entropy has been given m Chapter III and the expression tor 

vacancy tormation entropy, using the change m the density of 

states IS given by equation (3.67). 

Apart from the vibrational contribution to the formation 

entropy , the contribution due to image forces is also taken into 

consideration tor a relaxed lattice. The displacements due to 

image forces for vacancies lead to a homogeneous contraction of 

the lattice and hence to the strengthening of the force constant 

,i.e., a negative contribution to formation entropy. The volume 

change caused by image torces is L46J 
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\V = — i-—AV , (6.6) 
3 i - P 

where AV is the total volume change and p is the Poisson's ratio. 

The change m formation entropy due to volume relaxation 

is obtained trom the thermodynamic relation 

fc?S •{ ^ f (?P •] ^ _ - r oP I 1 r tfV"! 
V i I I I = K'^ ( 6 7 ) 

<?V i \ d1 i i (?V i V i 5T1 ' ' 

Where K is the isothermal bulk modulus and '3 the volume 

expansion coefficient. The change in formation entropy due to 

image forces is 

^S (Image) = Kp- AV""""". (6.8) 

6.3. CALCULATED RESULTS AND DiscussioNS 

We have calculated the local density of states of the 

neighbours of the vacancies m three normal bcc metals : <^-Fe, Mo 

and W with Green's function method. To calculate the local 

density of states of atoms near a vacancy we have evaluated the 
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force constants m the vicinity of the vacant site as also the 
o 

Ideal lattice Green's function G(.,0. The vacancy is described by 
o 

zero coupling to its neighbours. For calculation of G(u.), two 

sets of force constants have been used : (i) calculated force 

constants based on the JW potentials and (ii) force constants 

obtained from the experimental-based phonons fit to the Born 

von-Karman force models. Therefore, m this case two sets of 
o 

Green's functions G(LU) are obtained with the help of modified 

Giiat Raubenheimer method L125J. For calculation of matrix 

elements of i- m a relaxed lattice , the static displacements of 

first and second neighbours of the vacancy are taken from 

molecular dynamics calculations of Taji e-i al L33J which give 

inward displacements of first neighbours and outward 

displacements of second neighbours away from the vacant site 

along the coordinate axes. The atoms falling in the cluster of 

first and second neighbours of the vacant site take up new 

equilibrium positions, while other atoms beyond the second 

neighbours are considered to be m their perfect lattice 

positions. With new equilibrium positions of atoms m the detect 

space we have eight new distances between these atoms. These 
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distances are 

1 2 2 1 
R = | ( l + x + y ) + 2 ( I - x ) I 

.1/2 

R,. = 
1 2 2 i 
i ( I - x ) + 2 ( l + x ) I 

1/2 

R = i 3(1 + X ) 
3 ! 

1/2 

i 2 2 
R, = i (2 + X ) + 2x 
4 L 

1/2 

o >l/2 
R^ = 4{1 - X ) i 

^ L J 

R^ = ! 2 + (1 - y ) ^ I 
1/2 

R. = 
.1/2 

y + 4 i 

1/2 
R = I 12 - y ) 
^ L J 

(6.9) 

where the distance are given in the unit of half lattice 

constant, x is the displacement of first neighbour in each 
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cartesian direction and y is the displacement ot the second 

neighbour along the coordinate axes. Using JW potential, the 

torce constant changes A., B (i=l,8) are calculated at the new 
1 1 

equilibrium interatomic distances and they are presented in 

i i 
Table X along with the pertect lattice force constants A , B 

o o 
o 

(1=1,2) when the perfect lattice Green's functions G((-o) are 

calculated by using force constants obtained from Born-von-Karman 

fits to measured phonons in neutron scattering experiment, the 

force constants determined on the basis of JW potential are 
o 

scaled by A which is the nearest neighbour force constant in the 

ideal lattice occuring in the phonon model. This means that the 

force constants calculated on the basis of JW potential are 

scaled according to the measured phonon torce model. This type ot 

procedure is essential for ensuring consistency between used 

phonons in the calculation of Green's functions and the used 

force constant changes in the defect space. 

The local density of states of the first and second 

neighbours of the vacancy in all the three metals are calculated 

both for unrelaxed lattice as well as for the relaxed lattice by 
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Table Ditterent force constants near the 

vacant site and also the ideal lattice torce constants from the JW 
4 

potentials in 10 dynes/cm. 

Parameters 

Aol 

Bol 

A02 

B02 

Al 

A2 

A3 

A4 

A5 

Ab 

A7 

A8 

Bl 

B2 

B3 

B4 

Bb 

B6 

B7 

B8 

a-Fe 

5.23743 

-0.34882 

1.76953 

0.15626 

4.5394 

4.1270 

3.4196 

1.1753 

3.6152 

7.5718 

1.7568 

3.0032 

-0.3105 

-0.2855 

-0.1953 

0.1901 

0.0730 

-0.4677 

0.1669 

0.1065 

Mo W 

6.45776 

-0.55420 

5.27710 

0.17877 

6.1974 

5.2512 

3.8193 

4.4939 

5.9236 

8.0568 

5.2708 

5.8049 

•0.5399 

-0.4869 

•0.3906 

0.2515 

0.0030 

•0.6425 

0.1795 

0.0859 

8.18506 

-0.53278 

5.96631 

0.13684 

7.7944 

6.5295 

4.1719 

5.2007 

6.5610 

10.3370 

5.9618 

6.4761 

-0.5168 

-0.4664 

-0.3755 

0.2041 

-0.0216 

-0.6254 

0.1373 

0.0486 
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using the JW potential phonons and also by using the experimental 

phonons. However, m the unrelaxed case, no significant change m 

the local density ot states of the first and second neighbours of 

vacancy as compared to that of the host lattice atom is expected, 

while in the relaxed case, significant changes are 

expected. The obtained local density of states of first and 

second neighbours of the vacancy m a relaxed lattice, when the 

phonons are calculated from the JW potential are shown in Figs. 

30-J2, for a-Fe, Mo and W; when the experimental phonons are 

used, the local density of states are shown in Figs. 33-35. In 

the figures the host spectra are also presented m all the six 

figures for comparison. The frequency spectrum of the first 

neighbour is considerably shifted to lower frequency side of the 

spectrum m all the cases with some kind of weak peaks which may 

be treated as incipient resonances. In all the cases, 

irrespective of the phonons used, no local modes have been found. 

This behaviour is explained by the loss of coupling between the 

vacancy and the neighbouring atom in the (111) direction. This is 

also in accordance with the reduced value of Einstein frequency 
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for the atom. The result is similar to that found by Hatcher &t 

ctl for copper 181J . However, the frequency spectrum of the second 

neighbour is not much different from that of the host lattice in 

the case of Mo and W. This shows that the vibrations of only the 

first neighbours of the vacancy are significantly changed 

compared to those of the atoms in the host lattice. Contrary to 

the case of Mo and W, the spectrum of the second neigbours in 

a-Fe shows a signifigant shift of the spectrum towards the higher 

frequencies irrespective of the phonons used. 

The obtained local density of states is used to calculate 

F 
the formation entropy S of the vacancy in all the three metals 

: a-Fe, Mo and W with both types of phonons used and also for 

both for the relaxed lattice as well as for the case of unrelaxed 

lattice. In these calculations both sets of the local spectra 

have been utilized, so, it is clear that we can present four 

values of the formation entropy for each metal. For a relaxed 

F 
lattice, the contribution to S from image forces in the crystal 

is also taken into consideration . The image forces yield a 

F 
negative contribution to S indicating a homogeneous contraction 
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of the lattice and hence a general strengthening ot the force 

constants in the lattice. The relaxation volume tor a-Fe and Mo 

are 0.05V and 0.1V respectively as quoted by Ehrhart e-: at 
c c 

Li29J, where V is the unit cell volume. For W we take relaxation 
c 

volume equal to that of Mo, i.e., 0.1V , since the measured value 

IS not available in this case. The contribution from image forces 

towards the formation entropy are : -0.0909k for a-Fe, -0.173bk 

for Mo and -0.1342k for W. The final values of the formation 

entropy are presented in Table XI. From Table XI it is evident 

that the effect of relaxation is different for different metals: 

while for Mo and W the formation entropy increases in the relaxed 

lattice while for a-Fe it is reduced. The increase in formation 

entropy for Mo and W in the relaxed lattice is understandable, 

since the most affected atoms are first neighbours and their 

local spectra shift to lower frequency region where the density 

of modes in the host lattice is negligible, whereas, the second 

neighbour spectra are not much changed in these metals. In the 

case of a-Fe also the first neighbour spectrum shifts to lower 

frequencies but the second neighbour spectrum shifts to higher 

frequencies which causes reduction of formation entropy. 
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Table XI. Obtained vacancy tormation entropy S in u-Fe, Mo 

and W in the unit of k/atom ; (a) using JW potentials 

consistently and lb) using experimental based phonons. 

Phonons 

used 
a-Fe Mo W Remark 

b 

b 

2 . 0 4 3 

1 . 5 5 9 

1 . 6 4 6 

1 . 4 8 5 

1 . 6 1 

2 . 2 5 

1 . 6 9 

1 . 9 4 

1.921 

3.199 

2.143 

2.446 

u 

u 

u is tor unrelaxed lattice and r tor relaxed lattice 
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F 
It would be ot interest to compare the values of S obtained 

m tne present work with those obtained by other workers. Burton 

L137J has reported values trom 2.2k to 2.bk tor bcc metals based 

on an empirical relation between formation entropy and lattice 

relaxation due the vacancy. This relation shows an increase m 

formation entropy due to inward relaxation of nearest neighbours 

ot a vacancy.The other calculations ot formation entropy m bcc 

metals are by Hatcher &i al [HLl m a-Fe who find a value of 2.1k 

and in all the three metals by Schober ei al L138J with a value 

ot about 1,8k. Schober &i al [138] have considered a cluster of 

432 atoms with a vacancy at the centre. Vacancy is modelled by 

missing force constants to neighbours, thus ignoring the 

relaxation completely. An examination of Table XI shows that our 

F 
results for S for a relaxed lattice are m the same range as 

obtained by others. As regards experimental measurements of 

formation entropy, Schwirtlich and Schultz 1139] have derived a 

value 1.bk for Mo on the basis ofquenching and recovery 

experiments. The calculated values are somewhat higher than the 

quoted experimental results. 
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We have also utilized the obtained density ot states to 

cdicuiate mean square thermal displacements ot tirst and second 

neighbours of the vacancy. The mean square thermal displacement 

ot an atom at site 1 is given by equations (J.b6) to (J.b8). 

tor the tirst neighbours the thermal displacements are larger 

than their respective host atoms while tor second neighbour the 

ttiermal displacement is almost same as that of the host atoms tor 

Mo and W m both sets ot studies as shown in Figs.(36-38 and 

39-41) . In the case of .̂ -Fe the thermal displacements of the 

second neighbours are lower than that ot the host as shown in 

Figs. (36,39). The increase m thermal displacement of the first 

neighbour is the result ot general shift of the spectrum to lower 

frequencies, whereas the decrease in thermal displacements of the 

second neighbours ot -̂̂-Fe is accounted forby the shift ot the 

spectrum towards the higher frequencies. At high temperatures the 

mean square thermal displacement increases linearly with 

temperature T. 
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To summarize, the local density of states of neighbours of 

the vacancy shows that the vibrations of only the first 

neighbours are significantly changed compared to a host atom. The 

obtained value of formation entropy based on local density of 

states of the neighbours of the vacancy is in close agreement 

with the value determined using static lattice Green's functions 

and is in reasonable agreement with the earlier calculations in 

the literature. 
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