First-principles based computation of
lattice dynamics in substitutionally
disordered alloys

by

Biswanath Dutta

A Thesis
submitted for the degree of

Doctor of ‘Philosophy

Thesis Supervisor

Dr. Subhradip Ghosh

@ F
é&\&%‘ R
£ ’
£ S
5 =
=2 <
3 g
%, &
K (%7 \o@

Department of Physics
Indian Institute of Technology Guwahati
Guwabhati 781039, India

August 2011



TH-1087_06612102



First-principles based computation of
lattice dynamics in substitutionally
disordered alloys

by

Biswanath Dutta

A Thesis
submitted for the degree of

Doctor o) *‘Philosophy

Supervisor

Dr. Subhradip Ghosh

Department of Physics
Indian Institute of Technology Guwahati
Guwabhati 781039, India

August 2011

TH-1087_06612102



TH-1087_06612102



Declaration

The work in this thesis is based on research carried out dbépartment of Physics, Indian
Institute of Technology Guwahati, India under the supeoviof Dr. Subhradip Ghosh. No
part of this thesis has been submitted elsewhere for any ddwree or qualification. Works
presented in the thesis are all my own unless referencecttoathtrary in the text.

Signed:

Date:

TH-1087_06612102



TH-1087_06612102



Certificate

It is certified that the work contained in the thesis entitlEdst-principles based computation
of lattice dynamics in substitutionally disordered allbypy Mr. Biswanath Dutta, a student
of the Department of Physics, IIT Guwahati was carried oatlanmy supervision and has not
been submitted elsewhere for award of any degree.

Subhradip Ghosh

TH-1087_06612102



TH-1087_06612102



Dedicated to my family

TH-1087_06612102



TH-1087_06612102



Acknowledgements

It gives me immense pleasure to extend my heartfelt thank# tbose who have helped
me during my research work. | would like to express my singgegitude to my supervisor
Dr. Subhradip Ghosh for his patient guidance. | am thanlduhitn for giving me some
interesting research problems and for his constant supptathas been a wonderful person
to work with and has been a great source of inspiration. | wasensely benefitted by the
discussions which we used to have in regular intervals.

| take this opportunity to thank my doctoral committee mersbérof. A. Srinivasan, Dr.
S. Basu and Dr. G. Das for the immensely useful discussionsglthe yearly assessments
of my research work. | am thankful to all other faculty mensbef Physics department for
being helpful in all regards. My special thanks to Prof. SviRBrof. Alika Khare and Dr.
Charudatt Kadolkar for their timely help and support. | thatl the technical assistants of
the department who helped me in various ways during my rekgagriod. Its my privilege
to thank Dr. Biplab Sanyal, Uppsala University, Sweden faitful discussions and useful
collaboration. | would like to thank Dr. Munima Sahariah @bd Amal Medhi for their
valuable suggestions.

| am grateful to CSIR for the financial support.

It is my great pleasure to thank all the research scholarsetiepartment for providing
such a friendly atmosphere during my research period. Mgigpthanks to Meera who has
been be so kind and supportive. The friendly nature of myHrattes - Aneesh, Arpita and
Biswanath Samantaray has made my stay in [IT Guwahati reddigsant. Special thanks
to Jaheer, Vindhyawasini and Supriya for entertaininguisons over black-tea sessions. |
thank Sumanta and Souvik with whom | have shared many expsseof my research life. |
would always treasure the friendship of my childhood frierdumpa, Rupu, Dabbu, Ranijit
and many more. My heartfelt thanks to Tirthankar and Victorideing wonderful friends of
mine. The friendship of Haimanti, Debashree and Aditi wal &lways cherished. It is my
pleasure to thank Sonali and Basanti for being wonderfahfis of mine.

| feel privileged to thank all my teachers. | am blessed tde@thers like Swadesh Ranjan
Pandit, Bablu Sarkar and Birabrata Das. | would like to thBnkKhanindra kumar Sarma
and Dr. Om Prakash Sah who inspired me a lot during my youngys.dVly special thanks

Xi
TH-1087 06612102



Xil Acknowledgements

to Prof. Dilip Kumar Choudhury and Dr. Buddhadev Bhattag@®ihose intelligence and
dedication towards work have inspired me to pursue researehysics.

| am grateful to my family for their love, support and encaygenent. The brotherly love
of Somnath has immensely influenced my life. | owe my life tenth | am thankful to God
for giving me such wonderful in-laws. | thank my brother awl and sister in-law for being
so understanding. The selfless love of Diya, Dibya, Jhili Brek will always be treasured.

Finally, my heartfelt thanks to Poulumi for all her suppatitsing the tough days of PhD.
Her unconditional love always motivates me to excel in lifeshort, my life would have been
incomplete without her.

TH-1087_06612102



Abstract

The computation of phonon spectra in disordered alloys ia@urate and reliable way
has been a longstanding problem in the area of condensedrmegearch. Available theo-
retical tools so far did not have the necessary ingredienteat the mass, the force-constant
and the environmental disorders on an equal footing. Inttiesis, we have worked on the
development of new first-principles based formalisms tevadite these problems. Within the
framework of first-principles electronic structure fornsahs, the disordered alloy is usually
modelled by a large supercell, thus making the computatidaitiice dynamics prohibitively
demanding. In this thesis, we, therefore, have adoptedwsstrategies to model the inter-
atomic force-constants of a disordered alloy based uporethéts of computation of dynam-
ical matrices on smaller systems. These are then used irothputation of configuration-
averaged quantities by the recently developed Itinerarite@mt Potential Approximation
(ICPA), an analytic, self-consistent, translationallyariant formalism which treats the three
kinds of disorder relevant for lattice dynamics on equatifog. Thus, we arrive at formalisms
which seamlessly integrate the first-principles electa@tructure based methodologies with
the methods for configuration-averaging with reliable aacy. Major part of the thesis deals
with a modeling strategy based on transferable force cah$idC) model which suggests
that ‘force constant vs bond length’ relationship for a givehemical bond, which can be
obtained from a small number of first-principles calculafipis transferable acrossfi@irent
structures. We combine it with the ICPA to propose DFPT-TE®A, a new first-principles
based tool, which is used extensively in this thesis to ¢aleuthe complete phonon spec-
tra and associated quantities for a wide variety of alloygctvimvolve magnetic type-Il al-
loys (FexPd,_4) and alloys with significant mass and siz&eliiences among the constituents
(CuPdy_«, CuAu,_« andNiyPt;_y). Our motivations are dlierent in each of these systems.
While in Fe,Pd;_y, the role of force constant disorder among various pairpetes on the
phonon spectra is discussed in detail, the focu€ug;15P 285 and Cuy 75AUy 25 has been
a thorough investigation of the influence of size mismatclerad-point components on the
phonon dispersions. INiPt;_4 alloys, the origin of the experimentally observed anomalou
features in the phonon branches is investigated by congpthm lattice dynamics for the al-
loy system at various compositions. Substantial discrep&etween our calculated results
and those obtained by the experiments, in casHigfsPty7s, however, propelled us to find
an alternative modeling strategy which has the ability &atrenvironmental disordee.q,
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XV

short-range order) in a better way. An improved modelingescé is thereafter realized by
adopting the ‘special quasirandom structure’ (SQS) to rhtdterandom environment in a
disordered alloy. We demonstrate this new formalism, wich combination of SQS and
ICPA, by computing the phonon spectraliysPtys. The better agreement of our results
with the experiments over previous models of disorder sstggthat the SQECPA formal-
ism can serve as a tractable first-principles based compo&htool to address the issues in
a real random alloy in a better way as th&eets of diferent environments are incorporated
in the construction of the SQS. Overall, the results preskm the thesis show that both
the TFC-ICPA and the SQS-ICPA formalisms upon integratidh first-principles electronic
structure methods have provided necessary solutions tohléenging problem of a proper
microscopic understanding of the lattice dynamical betwavin disordered alloys.
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Chapter 1
Introduction

In classical mechanics, it is well known that a system ofiplad in stable equilibrium, when
disturbed, performs vibrations, such that every partielmains in the neighborhood of its
equilibrium position [1]. For the description of the vibi@tal motions, a set of co-ordinates
{ri} can be introduced which are linear functions of the dispiamats of the particles and
vary independently of one another, each as a sinusoidafieumaf time A;S in(2rvit + 6;) (the
frequencyy; is determined by the nature of forces, wherégsandg; are arbitrary constants).
Such coordinates are known as the normal coordinates ofydtera and the corresponding
motions as the normal modes. The system, from this viewp@ngimply a collection of
independent harmonic oscillators, each oscillating wittiegiuencyv;. If we impose the
guantum-mechanical commutation rules on the canonical emten) the quantum harmonic-
oscillator energy spectrum is obtained. These elementaty aof lattice excitations are known
as phonons. The phonons are bosons and represent perhapslest elementary excitation
in a solid. They are represented by wave-veci@and angular frequenays for vibrational
polarizations. The energy of the phonon mode associated with polarizaisiws and
the corresponding momentafi§. The study of lattice vibrations in a solid is essentially
concerned with finding out the vibrational modesas a function of wave-vectay.

The importance of the study of phonon excitations in modegnrdaterials research stems
from the fact that many a materials properties can only beetstdod upon consideration of
lattice dynamics [2]. Thestatic lattice modelwhich does not allow the atoms on a lattice
to move from their equilibrium positions, although can expla large number of materials
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2 Chapter 1. Introduction

properties such as chemical and mechanical propertiag;tstal properties, optical prop-
erties, electronic and magnetic properties, electromiactiireetc, it, however, has serious
limitations. Such oversimplified model of immobile ionsléaio explain thermal (e.g. heat
capacity, thermal expansion) and transport (e.g. therovadactivity) properties, phenomena
related to the electron-phonon coupling such as the reiysitn metals and the superconduc-
tivity and the interaction of various types of radiationgiwihe solid [3]. Thestatic lattice
modelis also inadequate in understanding the mechanism behagkeghansitions in solids.
These inadequacies of the static lattice model points tantpertance of lattice vibrations in
understanding materials properties. In the next sub@ectve present a brief review on the
role of lattice vibrations in state-of-the-art materiadsearch.

1.1 Role of Lattice Vibrations

Over the last few decades, the area of lattice vibrationsréesived considerable interest
because of their role in governing several important mak@rioperties [4]. In the beginning,
the one particular area which grabbed all the attention Waspecific heat behavior at low
temperatures. Specific he@j is an important thermodynamic quantity which refers to the
material’s ability to absorb heat energy at constant voluiiee static model of lattice failed
to give a proper mathematical description of this quantitgolids at low temperatures where
the observed specific heat variestddor both metals and insulators. The qualitative deviation
form the observed behavior at low temperatures occurs dliniations in the underlying
assumptions of the model which assumes that all contribsitio the specific heat come from
the electronic degrees of freedom alone. This leads to ariteenperature dependence of
specific heat for metals, whereas, for insulators the deperel becomes exponential. The
observedr 3-dependence can only be explained by introducing the matidhe lattice into
the theory in a quantum-mechanical way.

The knowledge of the lattice vibrational contribution atsecomes crucial in the calcu-
lation of several other thermal properties of solids which determined by the appropriate
thermodynamic potential relevant to the given sample. Ier@ssemble where the sample vol-
ume and temperature are independent variables, the re¢lpotantial is the Helmholtz free
energy,F = E-TS. To understand thefiect of lattice vibrations, the free energy, in general,
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1.1. Role of Lattice Vibrations 3

can be decomposed into a configurational contribukigysig and a vibrational contribution
Fuib so that:

F = Egonfig - TSgonfig + E\C/Xib - TS\C;ib (1-1)

where,F? is the free energy of a phasewith energetic contributiol and an entropic
contributionS. Here, the key quantity which needs to be calculated in aiméiave access
to the thermal properties is the vibrational free enefgy. This can be demonstrated very
efficiently for insulators in which electronic excitations axenegligible importance at tem-
peratures belov%. Due to negligibly small probability of electronic excitats over the band
gapEg, there is nothing left in a rigid lattice insulator excepbrational excitations that could
account for the pronounced thermal expansions typicalbeoked in experiments. From mi-
croscopic point of view, this phenomenon can be attributeti¢ increase in the average bond
distances between the atoms due to an enhancement in eftabsimplitude with increase in
temperature. Theuasiharmonic approximatiom this regard provides a very useful and
efficient formalism to calculate thermal properties of matsriaking into account the vibra-
tional éfects. Within this approximation [5], thefects of anharmonicity at temperatures far
from the melting point is incorporated through the volumpeledence of the phonon spectra.
The important quantities which are usually calculated & giuasiharmonic approximation
include equilibrium lattice parameters, elastic congtaspecific heat and thermal expansion
codficients, as a function of the temperature [6, 7].

The relative stability of various phases of a material i® @sverned by lattice vibrational
behavior. Induced by either temperature or pressure, pinassitions are often driven by a
lattice instability. In the temperature-induced phasesitons, the vibrational entrop,
which is a measure of the averagefsiess of a material, plays the pivotal role in stabilizing a
particular phase over the other. A phase with a larger vidnal entropy is stabilized relative
to other phases, since a larger vibrational entropy resulislower free energy, as is seen in
Eg. (1.1). Evidence of such vibrational entropy driven 8izdition of a particular phase at
elevated temperatures exists for a wide variety of matsgatems which include elemental
materials (Li, Ti, Hf, La, Sc) as well as alloys (Cu-Au)[841Contrary to this, anharmonicity
does not necessarily play an important role in pressuraded phase transitions[11, 12]. One
or more harmonic frequencies may become soft as a consegjoétice changes in volume
and atomic positions caused by applied pressure. It isettwe, important to identify the
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4 Chapter 1. Introduction

soft phonon modes as these modes are responsible for obggrase transitions. Melting
is another temperature driven phenomenon which can not paiard by the static lattice
model. In this process, the ions leave their normal equulibrpositions and wander great
distances through the resulting liquid. AtfBaiently high temperatures, the increased atomic
vibrations lead to softening of the inter-atomic forces ethis known to be the underlying
cause of the melting of solids. Therefore, an adequate yha&fomelting process must take
into account the increasing amplitude of lattice vibrasiovith increasing temperature.

The transport properties also need accurate treatmentticelaibrations. While in met-
als, both free electrons and phonons contribute to thegahproperties, all aspects of trans-
port in insulators can only be understood only when the wibng of the lattice are taken
into account [3]. In a perfectly periodic potential, elects sdifer no collisions which would
lead to infinite thermal and electrical conductivity in nstaThe observed finite values for
both the conductivity can only be explained by considericgfttering of electrons from lat-
tice vibrations. On the other hand, in insulators, theretaoefew electrons in partially filled
bands to conduct appreciable amounts of heat; the thermdluectivity is predominantly due
to the lattice degrees of freedom. Another well investidgtlkenomenon where phonons play
a major role issuperconductivitylt is understood from the BCS theory of superconductivity
[13-15] that electrons in the low temperature couple by mediphonons to produce cooper
pairs which move without resistance through the crystalckat If the lattice were rigorously
static, there would have been no superconductors. It hasbalsn found that lattice vibra-
tions can interact with light to produce what is known as IBuin scattering [16] which is
used in laser spectroscopy. Velocity of sound in the medsiigniother important property
which can be explained by lattice vibrations. In the low waeetor limit where the wave
length becomes very large, the medium behaves as continodrmemnce the phonon disper-
sion relation becomes similar to that of sound waves frontivkine sound velocity can easily
be computed.

In the next two sub-sections, we briefly describe the expamtal techniques and the
theoretical models which are relevant for the study ofdattribrations in solids.
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1.2. Experimental Techniques 5

1.2 Experimental Techniques

The experimental literature on the investigation of l&ticbrations rely mainly on inelastic
neutron scattering technique [17-22]. The strength ofmoastis that they are well suited
to the study of both static and dynamic properties of matber therefore, they represent a
valuable probe of condensed matter. Neutrons interacttivéimuclei by two dierent mech-
anisms [23, 24]; first process involves nuclear scatteringtbong but short-ranged nuclear
forces, while the second one is magnetic scattering by thgnetac moments of the atoms
inside a crystal. In this thesis, however, we are mostly eamed with nuclear scattering
processes.

The principal aspect of neutron scattering which makesitable for probing phonon
modes is the wavelength of thermal neutrons which is of tineesarder as the inter-atomic
distances in solids. Thermal neutrons correspond to a gr#r§.025 eV and have a wave-
lengtha = 1.798A which matches well with the lattice parameters of crystald thus, the
wave vector has about the same order of magnitude as the wiidiie Brillouin zone. Not
only the wave length, the energy and momenta of thermal oesitalso match well with
those of phonons. In contrast, frequencies of electromagragliation in the infrared or vis-
ible region, though, can be used to measure phonon freqggenout owing to their larger
wavelengths, measurements are restricted to phonon waverselose to the center of the
Brillouin zone. Besides, the modes accessible by Ramatescat and infrared spectroscopy
are limited by selection rules. X-ray photons, on the othard) can interact with phonons
throughout the Brillouin zone, but their frequencies arecmhigher compared to the phonon
frequencies (by a factor of #pso that the relative energy exchange between x-ray ancdatt
is negligible making it too dficult to measure phonon frequencies.

1.2.1 Neutron scattering cross-sections

Consider a general inelastic scattering process wherecateint neutron of wave vectds is
scattered by the sample into a final state of wave vdctarith the creation of a phonon of
wave vectolQ = k; - k¢ and energyiw = E; - Ef = é"—rzn(ki2 - k?), where m denotes the mass
of the neutron. For nuclear scattering, the interactioreptalV(r) between the neutrons and
the scattering atom is conventionally described by the Fpsaudopotential as:
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2
V(r) = 2”_hb5( ), (1.2)

whereb is the scattering length. It is worth mentioning at this pdimat the neutron
scattering processes can be classified into tvikeint categories: coherent and incoherent
scattering. In the coherent scattering process, the neuaves scattered from each scattering
center preserve the coherency of the wave and hence, thgyradnce interferencefiects.
On the other hand, in the incoherent case, any macroscagidarence is being prevented
by the randomness in the phase and the scattering inteadfigctively a sum of scattering
intensities from each nucleus. The calculation of phon@pelision curves along special
directions utilize coherent scattering process, whergeasjncoherent scattering is suitable
for the determination of phonon densities of states. Tlfiemintial cross-sections for these
two categories of scattering processes are given by:

‘o Oco
(a(zzaE)coh(Q""): in hKf 2 Z f (exp-iQ.Ry (0))exHiQ.R () exp~iwt)dt (1.3)

(a(zzng)mc Q)= Oz_{m: 2T Z f (exp(-iQ.R(0))exHiQ.R()))exH-iwt)dt (1.4)

where,o¢on andoi, are the total coherent and incoherent scattering croggmas@ndr,
denote nuclear positions in cell The bracket) denotes thermal average and the quantity
within bracket represents a space-time correlation fonctin case of coherent scattering, the
correlation function is considered betweelffelient atoms at dlierent times, whereas in the
incoherent case, each atom is treated separately and ttedation function is for one atom
at different times.

The neutron scattering cross-sections, in a more genesataabe expressed in terms of
scattering functior8(Q, w):

S(Q,w) = 271rh f ) e 'tdt f G(r, ) d®r (1.5)
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where,G(r, t) is the pair-(or self-)correlation function (also calldgetvan Hove correla-
tion function [25]) which contains all the information onetlsystem available from neutron
scattering experiment and can be expressed in the followayg

Pair-correlation function

3
G(r,t) = (%) f dQe ™" > (exp~iQ.Ry (0)exHiQ.R (1) (1.6)

1l
Self-correlation function

3
G(r,t):(%) fdQe“Q"Z(exp(—iQ.Rl(0))eX|c(iQ.R|(t))> (1.7)
|

In coherent scatterings(r, t) corresponds to the pair-correlation functions, wheraas,
incoherent scattering itis limited to the self-correlasor he relation between scattering func-
tion S(Q, w) and the cross-sections for coherent and incoherent sogtigocesses are:

= Tﬂﬁscoh(Qaw) (1.8)

( o ) T con K
coh

P\ oincks
(39 = Fresw@.0) 19

1.3 Theoretical Developments

The theoretical study of lattice vibrations in crystalls@ids often involves some fundamen-
tal assumptions to simplify the complexity associated wihl systems. We present here
a brief review on the basic approximations which are esaktgtiunderstand the lattice dy-
namical behavior in solids followed by the fundamental msder calculation of vibrational
properties in solids.
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1.3.1 Basic Approximations

In what follows, we present two basic approximations widetorporated in the state-of-the-
art calculation of lattice dynamics in solids.

1.3.1.1 The Harmonic Approximation

The theory of harmonic approximation [1, 3] is based upomgpe assumption which states
that the displacement of each ion from its equilibrium posiis small compared to the inter-
ionic spacing. Introduced for mathematical convenienice,itarmonic equations of motion
have exact solutions which can lead to precise quantitagiselts, often in excellent agree-
ment with observed solid properties at least at relatively temperatures. Here, we state the
salient features of this approximation very briefly.

Consider a system consisting of N atoms. Mgtbe the mass of ato) R is the position
of the s, atom in thely, lattice cell andus(R)=Rs - RIOS is its displacement away from its
equilibrium positions. In the harmonic approximation, th@ssical equations of motion are:

Millos(R) = = D Coepe (R — Rr)Use (R) (1.10)
I's'p
whereu,s is theay, component in Cartesian coordinatesugaind

d’E

CaS,ﬁS/(R| . RI') = 5Uas(R|)(9Uﬁs'(Rr) |Us=0

(1.11)

The 3«3 matrixC,s4¢ is the inter-atomic force constant matrix which is definedhes
force exerted in the-direction on the atons when the atons is displaced a unit distance in
thes-direction.

Due to translational invariance of the lattice, the solutidthe infinite set of coupled Egs.
(1.8) arenormal modegharacterized by a vectgrin reciprocal space and having the form:

Us(R, 1) = vs(q)gr ! (1.12)

1
VMs
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The equations of motions become:

@Vos(d) = > Dyeps ()2 (a) (1.13)
Bs

whereD(q) is thedynamical matrixwhich is a 3Ny x 3Ny hermitian matrix withNy; is
the number of atoms per unit cell and can be defined as:

Dasﬁs’ (q) = asBs (Rl)e_iqRI (114)

1
—— > C
‘V MSMS/ Z
Therefore, the complete description of the harmonic prigeof a crystal can be obtained
from the knowledge of the inter-atomic force constants @efim Eqs. (1.9) or (1.12).

1.3.1.2 The Adiabatic Approximation

The adiabatic approximation or commonly known as the Borpédheimer approximation
[26] is a widely used approximation in solid state physicsatdecouples the “fast” elec-
tronic degrees of freedom from the “slow” ionic ones by veraf their large mass fferences.

It assumes that the electronic response to an atomic despkaat is instantaneous as com-
pared to the ionic response, thereby, making it possiblepaste the electronic and the ionic
subsystems. The typical ionic massis ~ 10° times bigger than the mass of an electron
me and the typical kinetic energy of an electron of an electgnis ~ 10° times bigger than
the typical ionic kinetic energ¥,i, implying that the ratio between the typical velocity of an
electronv, and that of an iov; becomes\,/V;) = VEMm/Exme ~ 10*. Thus the electrons,
being much lighter than the ions, can move in a solid muctefasian the nuclei and the
electronic configuration can be considered as completédyee in its ground state at each
position the ions assume during their motion. This implres turing study of the electronic
degrees of freedom the ions can be considered at rest areddhesrthe total wavefunction of
the system can (approximately) be written as the productwhetion describing the ions and
another for the electrons depending only parametricallynuie ionic positions:

Y(R,r) = ®(R)yr(r) (1.15)
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whereR = {R,} is the set of all nuclear coordinates ané {r;} is the same quantity for
all the electrons in the system. Within this approximatitwe, ionic wavefunctio®@(R) is the
solution of the Schrodinger equation:

-Y — —— + E(R)|O(R) = e®(R) (1.16)

whereM, is the mass of th€" nucleus and&E(R) is the so called Born-Oppenheimer po-
tential energy surface corresponding to the ground stagrggrof the electronic system when
the nuclei are fixed in the configuratidd. The potential energy surface can be computed
solving the Schrodinger problem for the electrons:

e e 1 z& @& 2.2,
— s =3 = + — D —— (lr:Ea/R ‘Ir

i 2rnar|2 2;|ri_rj| il |ri_RI| 2 |R|—RJ|1/IR() ()l//R()

(1.17)

[EN}

whereZz, is the charge of th&" nucleus~e andmare the electronic charge and mass and
a is an index for the electronic state.

This approximation which completely neglects tien adiabatiderms, is extremely help-
ful in simplifying many complex situations. For examplenmost real materials (e.g., covalent
and metallic systems), the ionic motion is inextricably gled to the motion of the valence
electrons. The adiabatic approximation which allows thgasa&tion of the electronic and
the ionic degrees of freedom provides a very useful simplii to deal with such tricky
problems.

1.3.2 Models of Lattice Vibration

Here, we illustrate some of the very fundamental theorktivadels which have been de-
veloped over the years to describe lattice vibrations inyataf. We present the underlying
assumptions and the associated limitations for variousoaghes.
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1.3.2.1 Einstein Model

In this model [27], the atoms in a crystal are treated as iaddpnt quantum harmonic oscilla-
tors with no correlation between the motion oftdrent atoms. This leads to atomic vibrations
which remain entirely un@ected by the motion of the neighbors. The model also makes the
simplifying assumption that all the atoms vibrate with then® fundamental frequency, i.e.,

w(d) = we (1.18)

The Einstein model has achieved reasonable success; ultsrage in good agreement
with the experiments over most of the temperature range.tiidery accounts satisfactorily
for the breakdown of equipartition of energy at low temperas and predicts correctly the
specific heat value to be zeroht 0 K. However, the decay of specific heat with decreasing
temperature is faster than what is seen in experiments. héereed specific heat at very low
temperatures approaches zerddsather than exponentially as predicted by the model. This
basic deficiency of the Einstein model is a result of the owapsfied assumption that the
oscillators do not interact. If the atoms do not interactvahe another, sound waves would
not propagate through solids.

1.3.2.2 Debye Model

An improved model [28] with correlated atomic motion wasubt about by Debye in 1912
to deal with the low temperature discrepancy in Einsteirdglel. The proposed model known
as the elastic isotropic continuum model was the most sstipiiew of a solid in which the
atomic crystal structure was smeared out and treated astamgous elastic medium. Within
this approximation, the phonon problem is solved in the atoudimit with the dispersion
relations for the three acoustic branches are assumed telsaime and represented by

w(q) = VvsQ, (1.19)

wherevs is mean sound velocity.
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Based on such a simple approximation of continuous medibenntodel is surprisingly
effective to capture the essential physics behind many impbféatures, including th& -
dependence of specific heat at low temperatures. In spits wfanifold successes, the model,
however, becomes inadequate at higher temperatures. Ehenpson of ignoring the dis-
creteness of the lattice is expected to hold well at low teatpees as modes of only low
frequency or long wavelength for which the consequencessafeteness are irrelevant, are
involved there. But at high temperature, when the waveleiggshort enough to be compara-
ble to inter-atomic spacing, the calculation of the vilwatl properties requires a knowledge
of the crystal structure and the Debye approximation aegtdireaks down. An important
consequence of this failure is that the model of Debye careaatsed to calculate the phase
diagrams correctly. While computing the vibrational freeesgy diferences betweenftierent
compounds, the high frequency portion of the phonon desssdf states plays a significant
role which Debye model describes incorrectly. Among othefiaiencies, the optical modes
which become relevant in polyatomic solids are completghored within this model. Also
from the theoretical point of view, the model is unrealistie to the existence of singularities
in the density of states.

1.3.2.3 Born-von Karman Model

Around the same time as Debye worked out his theory of speedats, Max Born and
Theodore von Karman proposed another model [29, 30] in wthehatomic structures of
solids entered explicitly. Within this model which congislenteractions of an atom with
its neighbors, the restoring force on an atom is determiradog the displacement of the
atom from its equilibrium position, but by its displacemegiative to its neighbors. This was
initially proposed to model the inter-atomic forces betweearest neighbors with a central
and non-central component. Later, the model was modifieddorporate the interactions
between higher neighbors. Thiextive crystal potential energy which was proposed for the
second order terny, is given by

p

p 3 3
V, = %ZZZZ@H(M I'b")ui(lb)u; (I'b"), (1.20)

b 1y P
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wherep is the total number of atoms in the lattice crystal strucmd®;; are the force
constants between atortis andl’b’. These inter-atomic force constants are considered as
parameters which are fitted to the experimental data forlio@pn modes. The corresponding
vibrational frequencies)(q) are then derived from the eigenvalues of the dynamicalimatr
D.

1.3.2.4 Abinitio Methods

Although the Born-von Karman model provides a vast improgenover the previously avail-
able models, it, however, has certain limitations whichcheebe addressed. For the com-
putation of lattice dynamics in a completely random alldye thodel assumes an average
lattice and neglects any fluctuations due to the presenceetfies with diferent chemical
properties. Therefore, this formalism never provides aemrpicture of the complex nature
of inter-atomic forces in a substitutionally disorderelbal Moreover, the force constants are
considered as fitting parameters for the experimentallgiobtd normal mode frequencies,
possibly leading to several sets of force constants whichaeacribe the frequencies equally
well. Such deficiencies are completely done away withinfitts&principleselectronic struc-
ture methods which provide an accurate and parameterliEsgatzon of microscopic electron
response to lattice vibrations. The first such microscdpeoty of lattice dynamics was for-
mulated in terms of dielectric matrices by Margnhal. in 1970 [31]. However, the constraint
that the electron-ion interaction must be described by allpotential had limited its utility
[32, 33] for the study of vibrational properties. Modern dalculations mainly rely on two
approaches which include the direct method [34—36] andmieat response method [37, 38].
While the heavy computational cost associated with thectimeethod has limited its applica-
bility to zone-center and selected zone-boundary phonatesim relatively simple materials,
the latter approach in contrast is mofii@ent for the calculation of full phonon dispersion
curves and the vibrational density of states. A brief actadfithe linear response approach
will be presented in Chapter 3.
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1.4 Lattice dynamics of Alloys

Metals are rarely used in their pure forms as almost all puegais are too soft and ductile
for any practical applications. Therefore, in most of theasg one deals with a metallic alloy
which can be defined as a mixture of two or more chemical elésnene of which at leastis a
metal. The alloying element can be distributed over thetatyattice sites of the host element
and yield a solid solution or it can formftierent phases showing up as particles in a matrix. In
the present discussion we restrict ourselves to solid ispisionly which are formed through
homogeneous mixture of two or more kinds of atoms in the state. In a solid solution, the
range of concentration of the alloying element relativeh® host element may vary which
makes it distinctly dierent from a chemical compound in which this concentratsofixed.
There are in general twoflierent types of alloys which are distinguished based on tk#ipo

of occupancy of the alloying element. If the atoms of the pareetal are replaced in the
crystal lattice by the atoms of the alloying agent then wevgst is known asubstitutional
alloy (see Fig. 1.1). Alternatively, if the alloying atoms do nobstitute the host metal atoms,
but rather enter in the interstices between the host atosrsttie alloy is callednterstitial
alloy (see Fig. 1.2).

Ficure 1.1: Substitutional alloy where some of the host elememnatare replaced by atoms
of the alloying element of similar size.

The vibrational properties of an alloy are dependent upote@number of factors which
are mostly related to the elemental properties of the ctugstt atoms. Next,we discuss some
of these issues very briefly.
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33
4444

Ficure 1.2: Interstitial alloy where some of the interstices (Ispli@ the host element structure
are occupied by smaller atoms of the alloying element.

1.4.1 The mass#fect

Novel features in the phonon spectra can be expected if il @nstituents have large mass
ratio. Localized phonon modes are present for a system witicently light impurities in

a matrix of heavy atoms. Being associated with the vibratiohthe lighter atoms, these
modes are localized with a frequency which is above the hbethpn band. Conversely,
for a system with light host atoms having heavy impuriti@sonance modes corresponding
to the vibrations of the heavy atoms with rather low freques@rise that are within the
continuous host phonon band. Experimental measuremewesdimmwn both resonant and
localized modes for a number of alloys. For example, resomanodes are observed in Cr-
W, Ni-Pd, Y-Tb and and Mo-Re alloys [39-43] in the low coneatibon limit of the heavy
element, whereas, in the case of low concentration of thdigelement localized modes are
observed in Cu-Al, Nb-Ta, Ge-Si and Rb-K [44-46] alloys. Theoretical calculations are
also consistent with the experimental findings for most ekthalloys [42, 47-49].

1.4.2 The size mismatchféect

The size mismatch of the end-point components of an alloybess found to have pro-
nounced #&ect on the vibrational properties of the alloy. When atomslifferent sizes are
constrained to coexist on a lattice, an atom of larger (smeadlize can experience compres-
sive (tensile) stress depending upon whether it is surredwdth atoms of smaller (larger)
sizes. While the presence of larger atoms in the neighbarheduces the amplitude of lattice
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vibrations resulting in a locally dfier region; the smaller atoms sitting on the neighboring
lattice sites creates extra space which results in a losalfier region. The first evidence of
this phenomenon has been found in embedded atom method (BEAYbased calculations
on the disordered state of ¢Au compound [51] where the presence of highly compressed
pairs of Au atoms lowers the vibrational entropy of the disoed state. A similarféect has
been observed in MAI [52], where very compressed pairs of Al atoms are preserthe
disordered state. First-principles calculations ogWP[b3] have established the role of local
lattice relaxation, an even more intriguing size-relaté@at. In the disordered state of the
system, the atoms undergo significant relaxations away ftwemn ideal lattice sites. This
leads to incompatible equilibrium lengths for the threeetypf chemical bonds which needs
to be addressed to explain the vibrational entropy changtidisordered state.

1.4.3 The charge transfer #fect

As the name suggests, charge transfer in metallic allogesifrom spillover of mobile elec-
trons from one constituent metal to the other. THie&, in general, involves filling or emp-
tying of individual bands as well as their hybridization. éré have been numerous studies
over the years [54-56] to understand the origin of chargestsx in metallic alloys. These
investigations have pointed out that #lectronegativityf an atom which refers to the power
to attract electrons towards itself plays a major role ired®ining the flow of electrons. As
the less electronegative element loses valence elecwahs imore electronegative element,
a greater dierence between the electronegativities of the two bondedap will, therefore,
result in a greater charge transfer, in general. The FereiggnEg) of the bonded elements
is also relevant in the context of charge transfer. It has lmeticed that the charge flows from
an element with higher value &g to an element with lower value &g. The greater the
difference between the Fermi energies of the two elements, gagegiis the charge transfer
magnitude.

The charge transfer modifies the electronic configuratiothefimpurity and its neigh-
boring host ions significantly which is subsequently redan the inter-atomic interactions
between dierent chemical species in a random alloy. Thus, the caloualatf the impurity
potential and its interactions with the host ions in metalioys must be performed in a self-
consistent way taking into account the charge trandfects. In a recent study on aluminium
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transition-metal (TM) systems [57], pronounced compositilependence of the calculated
force constants has been observed. This phenomenon, emtitb be a consequence of
charge transferféects associated with the bonding in these systems had té&de ¢are of to
yield accurate and reliable results.

1.4.4 The short-range order #ect

To deal with disordered materials, the most useful appresitb assume that the atoms of
the various species are distributed randomly over the sitése underlying lattice. How-
ever, in diferent physical situations, the atomic arrangement is mata®, but may exhibit
some degree of short-range order (SRO), i.e., the excebalpitiy of finding certain pairs of
atoms relative to random statistics. Depending upon winétigeatoms of a given kind tend
to surround themselves preferentially with atoms of thees&ind or of a diferent kind, the
atomic arrangement is called clustering or ordering. Thdeang (or clustering) tendency
influences the local chemical environment which eventuaddliermines the inter-atomic in-
teractions between various species in a random alloy. Ttvexethe presence of SRO may
alter the vibrational entropy fferences among various phases of a compound and hence their
relative stability. There exists numerous investigatibagh on the experimental and the the-
oretical front which signify the presence of short rangeeordnd their simultaneoudfect

on various alloy properties. While the experimental measwents have reveled the existence
of short range ordering on a number of Cu- and Ni-based a[la§s64], the theoretical cal-
culations have also provided ample evidence of short rangdgriog in metal alloys such as
Cu-Au, Cu-Zn and Ni-Au [65-67].

1.5 Outline of the thesis

Study of lattice vibrations in solidsfiers interesting perspectives regarding materials prop-
erties and behavior. This is even more intriguing in substhally disordered alloys as the
presence of three filerent kinds of disorder: the mass, the force-constant amcktiviron-
ment results in novel features in the phonon spectra. Inrdalanderstand the lattice dy-
namical properties in this class of materials, a thorougbrosicopic understanding of the
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roles played by the presence of each of these three typesafdéir, are, therefore, neces-
sary. The modeling of these three types of disorder, ofterwined with one another, is a
challenging problem. Although the advent of first-prineplelectronic structure formalisms
have made possible the calculations of phonon spectra taragswith perfect periodicity, a
tractable methodology to incorporate the random envirartritea disordered alloy is yet to
be found. The intractability arises due to the fact that initine framework of state-of-the-
art first-principles methodologies, random environmerda lisordered alloy is simulated by
constructing prohibitively large artificial periodic sttwres. Such a limitation aggravates the
challenge posed by the problem of investigating latticeatiyits in these systems.

In this thesis, we have worked on the development of new finsiciples based for-
malisms to compute the lattice dynamics in substitutigndiordered alloys which can in-
corporate the fects of disorder in mass, force constant and environmenijoaldooting.
We have validated our approaches by computing the phongedi®n spectra and elastic
properties for a variety of alloys which involve magnetipgyll alloy (Fe,Pd;_4) and alloys
with significant mass and sizeftBrences among the constituer@sgAu, , andNiPt; ).

Chapter 2 discusses various methods for performing the gumafiion averaging, a key
part in computation of elementary excitations in subsbnlly disordered alloys. While
several schemes have been proposed to perform the all iamparonfiguration averaging
in disordered systems, most of them do not fulfill all the iegments to study the phonon
excitations where fb-diagonal disorder plays a significant role. Notable amdmgnt are
the virtual crystal approximation (VCA) and the averagedtnx approximation (ATA). The
VCA models the disordered sample as consisting of sitesawttnstant average potential and
thus, fails to account for strong on-site disorder. The Allaugh modifies this shortcoming,
but, fails to include the féect of scattering from the medium in a self-consistent walge T
coherent potential approximation (CPA) provides a sigarficmprovement over these two
by constructing the scattering medium in a self-consistemy. But, its success is limited
because of its single-site nature. This is more so in casbaign excitations, due to the fact
that the multi-site correlations are a must in treatmenthaons.

The recently developed itinerant coherent potential axpration (ICPA) takes care of
the shortcomings and provides a successful, self-consjsiaalytic method to perform the
configuration averaging in substitutionally disordereldysd. Since this method handles the
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multi-site correlations appropriately, the reliable cartadion of phonon spectra becomes pos-
sible. In this thesis, we use this method for computatiorhef configuration-averaging of
necessary quantities.

Chapter 3 introduces the ideas of first-principles basedetiagl of inter-atomic interac-
tions in substitutionally disordered alloys. Although @A is able to illustrate the impor-
tance of the force-constant disorder in the context of phaspectra in disordered alloys, its
accuracy is heavily dependent upon the reliability of thematomic force constants. The
most trustworthy source available in this regard are thé-firmciples electronic structure
methods, but these methods ariidult to employ for our systems of interest, the reasons for
which have been mentioned earlier. In this thesis, we worHdlifierent hybrid approaches to
model the inter-atomic force-constants in random alloyse first such attempt is based upon
the results ofb initio calculations and the intuitive argument about dependehfeee con-
stants on bond lengths. This strategy improves upon preuizeoretical results on Rige;,
alloys and provides reasonably good agreement with exjgertisn The crude approximations
used in this approach, however, restricts its applicabibtalloys with arbitrary concentra-
tions. Further improvements are realized by adopting taesfierable force-constant (TFC)
model of Ceder and co-workers which suggests that the "foorestant versus bond length”
relationship is transferable acrosstdrent compositions for a given alloy. The novel feature
of this approach is that the inter-atomic force-constaotsafgiven specie pair can be calcu-
lated with modest computational cost and at any arbitrammasition. By adopting the TFC
model, we formulate a new approach to compute lattice dyosumi substitutionally disor-
dered alloys which is a combination of first-principles dgniinctional perturbation theory
(DFPT), the TFC model for accurate computation of forcestants in random alloys and the
ICPA method for configuration averaging in disordered emwinent.

Chapter 4 discusses the application of the DFPT-TFC-ICR#tageh for a number of
binary alloys at arbitrary compositions. A thorough anaysf the phonon spectrum in
PdFe_, is presented over the entire concentration range. As cagdp@r our previous
approach, the DFPT-TFC-ICPA method provides force-cartistavhich represent the inter-
atomic interactions in these alloys more realistically #retefore, an overall improvementin
the phonon dispersion curves is observed. This is followedgplication of our method to
size-mismatched binary alloys g4sPd2g5 and Cy7sAuUq 25, Where the fects of size mis-
match of the end-point components on the lattice dynamegsaestigated. We demonstrate
that the local lattice relaxations play a very crucial raledietermining the lattice dynamical
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properties of these alloys. On incorporation of bond-larfgictuations, excellent agreement
with the experimental results is achieved foraGuPd)2g5, Wwhereas, some discrepancies are
observed for CglzsAug 25 Which are attributed to the limitations in the experimemié& close
this chapter by presenting results for another size-misheat alloy NjPt_, for which the
agreement between our results and that of the experimemeasonably good except for
the case of Ni»sPty 75 where we see a qualitativeftkrence between the two in the phonon
dispersion curves. Ambiguous nature of experimental tesanid the non-incorporation of
short-range order in our calculations are the possibleasmgilons for this discrepancy. In a
nutshell, this chapter demonstrates that the DFPT-TF@I@Bthod has the required accu-
racy and reliability regarding computation of vibratiomabperties of disordered alloys.

Chapter 5 focuses on construction of better structural nsddesubstitutional disorder so
that the methodology can be made completely parameter ficeéh@ environmental disorder
can be treated in a better way. To this end, we model the déseddalloy by constructing
special quasi-random structure (SQS) which is an artifggiodic structure where the atoms
occupy the lattice sites in a way that closely mimic the gamrelation functions of the real
alloy with a given composition. Such an accurate modelinghefenvironmental disorder
paves the way for a reliable description of phonon spectraloys with short-range order
where the force-constants between a pair of specie is déedmg a particular configuration
of the nearest neighbor environment around an atom. We detnad@ the novelties of this new
formalism which is a combination of reliable force-condtacalculated by the SQS method
and the ICPA as a self-consistent analytic method for cordigan averaging, by computing
the phonon dispersion spectra ofgAjPtso alloy. The agreement of our results with the
experiments is much better than previous models of disosdggesting that the proposed
formalism represents the inter-atomic interactions am@igus pairs of chemical species in
a disordered environment of an alloy better.

Chapter 6 concludes with a summary of the main results ofttesi$. The importance of
these results alongwith the possible extensions are disdubereatfter.
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Chapter 2

Methods of configuration averaging for
phonon excitations in random alloys

2.1 Introduction

The Hamiltonian for lattice vibrations in disordered systeis given in a site representation
as-

2
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where,p andu are momentum and displacement operators respectisggcifies the unit
cell atR(l), a specifies one of thevartesian coordinates of thhr@toms in the cellmis mass
of an atom ands} is the set of occupation numbers associated with thgl$itSince in this
thesis we consider only the binary allo&s, Bc,, the occupation numbey = 1if | is occupied
by Aands = 0, otherwise. The feature which makes the theory of phonoitations dificult
is the inseparability of diagonal andfaliagonal disorder. The reason for this is that the
force-constant sum rule, i.e. the force constants betwesgte aand its neighborg obey the
relation®; = -3 ;. @;;, must be rigorously satisfied even if the system is disoutleta
other words, a single defect at one site in the system peareewbn the diagonal Hamiltonian
on its neighbors, thereby imposing environmental disomethe force-constants. Hence,

21
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22 Chapter 2. Methods of configuration averaging for phonontakons in random alloys

any theory must include diagonalffaliagonal, ancnvironmentabtlisorder as well in order
to produce reliable results for phonons.

Solving the eigenvalue problem with the Hamiltonian (2.@yld be quite an involved
job. However, to make a connection to the experimentallysueble physical quantities,
it is sufficient to have a knowledge of the configuration-averaged i&sdenction of the
alloy. For example, the partial Green’s functiogsG* (w) > can be related to the incoherent
scattering structure factor which is directly measuredhméxperiments,

< Sincon (Cj w) >= Z b2Q - I'm < G (w) > -G, (2.2)

S

wherebg is the incoherent scattering length for atoms of tgp® is the phonon wavenum-
ber and<<>> denotes configuration averaging. Similarly, a knowledgthefconfiguration-
averaged spectral function< G5%(d, w?) >> associated with the species pajis’ enables
one to calculate the coherent-scattering structure factdich are also measured directly in
the neutron-scattering experiments and are given by,

1
< S, (0, w) >con= Z dydy ;I m< GS° (q, wz) > (2.3)
ss

where, A is the normal-mode branch index adglis the coherent scattering length for the
speciess. The phonon frequencies and the disorder-induced widthslatained respectively
from the peaks and from the widths of these coherent scadgtstructure factors.

Also, the total vibrational density of states can be obtaiinem the imaginary part of the
configuration-averaged mass-weighted Green’s functidolbsvs,

v(w) = ?ﬂime{Tr < M.G(w?) >} (2.4)

wherem is the mass matrix, and is the number of sites. The partial density of states for
atoms of typesis defined as

ms
37N

ITm{Tr < G(w?)% >} (2.5)

v(w)s =
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2.1. Introduction 23

Here, the focus is particularly on the configuration-avedhdisplacement-displacement
(one-phonon) Green'’s function [68] which can be defined as-

<Gy (115 »=< U, (1,1),u, (I, 0) > (2.6)

Using the Hamiltonian in Eq. 2.1, one can write the equatibmotion of this Green’s
function in frequency domain as-

()G (3, 51 w) = 8,00" + > @ (5,58 (s, 550)  (27)

ax aw

v
a’

or, in matrix form

-1
G ({s), o) = |w’m({s}) - @({s})] (2.8)
The configuration averaged Green'’s function, therefore, is

<G (wz) >=< [mw2 -~ (IJ] > . (2.9)

It is < G > which carries all the dynamical informations of interesiddhe essential
difficulty of the theory of phonons in random systems arises famg the configuration av-
erage of the inverse of the matnixw?— ®. For any real system, the large number of atohs (
is of the order of Avogadro’s number) and the associated gardtions of these atoms makes
the evaluation of configuration averaged quantities an sajde task. Thus, several approx-
imations have been adopted over the years to make the caatfyuaveraging a tractable
problem. The fundamental equation which allows great singtion of the problem is the
Dyson’s equation which states that the configuration awest&reen’s functiors G (wz) >
can be obtained by simply calculating the self-enéﬂiy)z). The equation can be defined as-

<G (a)z) >= [Gal (wz) -X (wz)]_l . (2.10)
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24 Chapter 2. Methods of configuration averaging for phonontakons in random alloys

where,Go(wz) = (mﬂ —5)_1 is the unperturbed Green’s function afdand @ are
the configuration-averaged mass and force-constant apenaspectively. The correspond-
ing self-energyx (wz) in Eg. 2.10 includes thefkect of scattering due to fluctutaions in the
medium. In substitutionally disordered alloys due to agged complexities, the calculation
of E(wz) is a tedious job which is usually taken caing with the help of approximate meth-
ods involving various simplifying assumptions. Next, wedaliss some of these methods very
briefly.

2.2 Virtual crystal approximation (VCA)

This is conceptually the simplest approach [69] to deal il problem of configuration
averaging in disordered binary alloys having any arbitr@ynposition. Within this approx-
imation, an alloy of type 4B, is modeled as a periodic virtual solid with the same mass
Maloy = (M) = xMa + yMg and the same force constabt= c2 ,®aa + C3;Ppg + 2CACePap
associated with the alloy. The resulting Green functiomtbecomes reminiscent of the Green
function of a pure system with the corresponding self-emérdpeing real, energy indepen-
dent and has no dependence on the wave véctivhas been fairly successful in explaining
the properties of weak scattering alloys in which the wawmefions are extended over many
lattice spacings and each particle sees nearly the samagavperturbation. However, a real
Yvca (self-energy of the VCA medium) results in a pure system ii€aite lifetime of the
k-states which is certainly in contradiction to the expeotathat in a disordered system, the
states should be decaying as a result of scatterfhthe impurities. So, the method is not
appropriate for systems with strong disorders. FurtherA\élls to reproduce the split-band
behavior observed in many real systems.

2.3 Average t-matrix approximation (ATA)

This is the next level of approximation [70] which providemach improved description of
the disordered systems over that of the VCA. Within this agpnation, the scatteringfb
a site depends solely on the occupation of the site with tfexteof disorder in the local
environment being neglected. For small concentrationgwthe multisite correlationféects
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2.4. Coherent potential approximation (CPA) 25

are not so significant, one may neglect the inter-site soadgte The ATA is based on the
scattering matrix or the t-matrix which involves only seaithg df the same site. The Green
function is expressed in terms of the configuration averagedtrix which is evaluated within
the single site approximation. In contrast to VCA, ATA yiglanpurity bands and states with
finite life times. Its main limitation is its inability to repduce correctly the band edges of
the alloy density of states. This is due to the use of VCA unybked Green function as a
starting point. As a consequence, the self-energy has thgtanstructure of the host lattice
Green function and a simple pole. The pole produces the iitypoands but cannot move
the unperturbed band-edges from the values in the host (MG@&terial. Another serious
shortcoming of the ATA is that the self-energy is not deteradi self-consistently.

2.4 Coherent potential approximation (CPA)

This is the most widely used approximation in the contextaffoguration averaging which
was introduced simultaneously by Soven [71] in connectiah wisordered electronic sys-
tems and by Taylor [72] in connection with the lattice dynesnof mass disordered alloys.
It belongs to the class of mean field theories analogous td\i#ies molecular field theory
of magnetism in which the properties of entire material atednined from the behavior at
a localized region, usually taken to be a single site (celthe material. The approximation
considers a homogeneously disordered medium with onlyp@deent scatterings of diagonal
sites being involved in the formalism. For a system with hgemeous disorder, the config-
uration average of any physical quantity over all configora is independent of position
(site) in the lattice. One may, then, consider any singke isita specific configuration and
replace the surrounding material by a translationally irara medium, constructed to reflect
the ensemble average over all configurations. In the CPA,itta@dium is chosen in a self-
consistent way. One assumes that averages over the oaupéta site embedded in the
effective medium should yield quantities indistinguishaloterf those associated with a site
of the medium itself. Because a translationally invariaedimm produces no scattering of
a wave, it is assumed that the scatteririgeoreal atom embedded in a CPA medium, aver-
aged over the possible configurations of a single site, shmalduce the corresponding Green
function of the medium itself. This self-consistency cdiwth yields an &ective Hamiltonian
describing the medium, called tlkkeherent potential Hamiltonian.
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26 Chapter 2. Methods of configuration averaging for phonontakons in random alloys

Here, we choose a binary alloy to describe the essentialfesabf this formalism, which
can be generalized rather easily to multicomponent all@msider an alloy of a finite con-
centrationC, of atoms of typeB embedded in a host material of type A. The mass matrix of
the alloy within the CPA formalism is given by,

Mij = Mo(l— 6)6”, (211)

where,g is thefractional mass defeethich becomes zero at host atom sites and takes the
valueg, at sites occupied by atoms of type Hence My = M ande = 0 atA sites and; =
e at B sites. Due to the consideration of only diagonal disorithe force constants between
various pairs of species in this method are treated only iasrage way, identical to the
VCA formalism. The corresponding self-energy then becemes

Z( 2) CMAE(,UZ

| < _ (2.12)
1- (1 = C)MAGwZGoo/(l 2F ZGoo)

where,Gqo denotes the Green function of th&extive medium. Onc& has been deter-
mined,G can be evaluated as,

G(w?) = (Maw® -2 - ¢) (2.13)

2.5 Generalizations of the CPA

Despite its success, particularly in the electronic prohléhe CPA is a single-site, mean-
field approximation and could deal with only diagonal (or sjais the case of phonons)
disorder. The phonon problem is specificallyfidult because, in it, diagonal ané-aliagonal
disorders are impossible to separate. Consequently, weotlexpect the CPA to give an
adequate description of the phonon problem. This was evfdam a number of calculations
[73—77], which indicated large discrepancies between th& @nd the experimental results.
In the electron problem too, whenever there wisdiagonal disorder, as in the case of alloys
with large size dference between its constituents leading to local lattiseodions [78] or
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2.5. Generalizations of the CPA 27

environmental disorder as in the case of alloys with shamge order [79, 80], the CPA was
found to be inadequate.

The hunt for adequate extensions of the CPA was quite rigodaing the 1970s and
1980s [81-87]. However, only in certain very special casesh as theeparable[82] or
the additive[83, 84] limits of af-diagonal and environmental disorder, were there sucsesse
Among the cluster generalizations, tBembedded cluster method (ECMgas put forward in
1977 [88] where a cluster of real atoms is embedded inf@atiéve medium usually obtained
in the CPA. For a given analytidtective medium, the ECM yields analytic, well defined and
physically meaningful results but the main disadvantag@gefmethod is that it is non self-
consistent and therefore does not yield a néeative medium or improved momentum spec-
tral weight-functions. Theféects of scattering from clusters of atoms can be easily dedu
by means of a technique called tM®lecular coherent potential approximation (MCRA9].

It accomplishes the self-consistent incorporation of lera/ironment fluctuations into the
effective medium self-energy and yields density of statesadlt specific cluster configura-
tions. But, it has got some serious drawbacks. Firstly,ebimputationally very cumbersome
and secondly, it yields a super-latticBextive medium which violates the single site trans-
lational invariance of the given lattice. Eventually, tarapproaches emerged as the most
successful. Two of them are based on the augmented-spawerthef Mookerjee [90]: the
itinerant coherent-potential approximation (ICPA) of Ghet al. [91] and the augmented-
space recursion (ASR) of Sakaal. [92] and Alamet al. [93]. The former is an extension of
the ideas of Mills and Ratanavaraksa [94] and Kaplan and (&%3y96] and the latter com-
bines the augmented-space technique with the recursidmochef Haydoclet al. [97]. The
third is a very diferent and rather striking approach developed by Rowladd. [98] and
Biavaet al. [99] (the nonlocal CPA or NL-CPA) using the idea of coarsemjray in reciprocal
space originally proposed by Jarell and Krishnamurthy [100

In this thesis, we concentrate on the ICPA formalism for thkwation of vibrational
properties of disordered binary alloys. In the next segtwa briefly describe the salient
features of the ICPA.
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2.6 Itinerant coherent potential approximation (ICPA)

Among the cluster generalizations of the CPA, the recursi@thod [97] is one of the few
formalisms which met with some success for real alloy systefihe method has the ability
to handle large clusters and can treat all kinds of disordezqual footing. However, the ap-
proach stiers from the drawback that it is neither self-consistenttramislationally invariant
when used alone. Nevertheless, a self-consistent gexadrah of the CPA to include two-cite
scattering using a recursion method [97] in conjunctiorhiite augmented space formalism
(ASF) [90, 95, 96] was provided by Yussouf and Mookerjee [100he ICPA on the other
hand is based on the ideas of travelling cluster approxonafi CA) [94]. Introduced by
Mills and Ratanavaraksa, TCA is an extension of the CPAyddrusing diagrammatic meth-
ods, which provides a successful self-consistent mudtstattering theory, albeit, with the
restriction to treating diagonal disorder only. The appmoation, however, sttiers from sev-
eral drawbacks which include computationalfit@ency and the lack of guidance about the
selection of appropriate diagrams. It was later re-derwsitig the operator methods of the
augmented space formalism [90, 95, 96] by Diehl and LeatR][1Dhe virtues of TCA and
ASF were then combined for the first time by Diehl and Leath3]1#® describe a theory
for phonons with disordered force constants. This appraxiom, however, is very similar in
structure to the additive limit of CPA. Similar ideas basedlee TCA and the ASF were used
by Kaplan, Leath, Gray and Diehl (KLGD) [104] to develop arpnoved theory for elemen-
tary excitations. Using the diagram symmetry rule of MilledaRatanavaraksa [94] and the
translational symmetry of the augmented space operatOr9f 96], they presented a self-
consistent multiple scattering theory which include diaglpdt-diagonal and environmental
disorder and multisiteféects. Such a theory allows one to work with a small numberarhat
instead of treating large clusters as is done in recursi@we¥er, they illustrated their method
only with one-dimensional models. A tractable generailorabf the KLGD method [104] for

a single-site scattering of phonons in three-dimensicai#ices is provided by Ghosét al.
[91]. This formalism known as the ICPA, is an analytic, sefasistent, mean-field based
cluster generalization of the single site CPA which considkagonal, &-diagonal and en-
vironmental disorder on equal footing. In addition, the igpers in the augmented space are
translationally invariant so that the state-of-the-arttmoes for periodic systems can easily be
employed for substitutionally disordered alloys which mskhe approach a computationally
feasible one.
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In the next sub-sections, we describe in brief the ICPA fdisma We first describe the
Augmented space formalism [90, 95, 96] and show how the idaa$e implemented within
the multiple scattering picture, resulting in an analyself-consistent theory for phonon ex-
citations.

2.6.1 The Augmented Space Formalism

In the augmented space formalism, the excitations are deredd to be moving in periodic po-
tentials in the presence of a ‘field’ which specifies the disor The Hamiltonian, which is ex-
panded to include the disorder field, then by itself compyetescribes the disordered system.
Since the information on random configurations is alreadgiporated into the Hamiltonian,
the configuration averaging is not a further process as imtéan-field approaches, but sim-
ply an evaluation of matrix elements. The idea of introdgandisorder field’ to describe the
random fluctuations in the system by extending the Hilbeaitso include the disorder field
and by representing the Hamiltonian in this new space domssi the core of the augmented-
space formalism. The extended Hilbert space which captbheasndom fluctuations is called
the ‘augmented space’.

Here, we work only with a binary alloy AB.,. We assume that each lattice site is ran-
domly occupied by an A atom or by a B atom. The masses are random

n’ﬁﬁ = méaﬁéij, (214)

with my randomly taking on the valuet if speciesI’ = A, B is on sitei. The force-
TA . . o o o
constants take on the valu(eﬁﬁ) If specied is on sitel and speciea is on sitej. « andg
specify the Cartesian directions.

As shown in Eq. 2.9, the determination G > requires calculation of the average
of the matrixmw? — ® which is a tedious job. The augmented-space technique B0, 9
greatly facilitates this averaging. The massgsforce-constant®, and Greens functio®
are defined in the dynamical Hilbert spa€én which the Hamiltonian of the system operates.
For a binary alloyY is augmented by the spa@eof all possible atomic configurations of the
system. The resulting augmented spds
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Q=YR0

In Q or ® operators are represented by symbols with superposed camgheconfigura-
tion representationvithin @, the state of site is specified by the single-site stafg) if A is
oni and by|B;) if B is oni. With respect to these states, the occupation operafars = A,
B,

AAAY = IA), BB =0,
7B = [B), fi°IA) =0 (2.15)
are represented by the matrices
10 00 -
AA = 7B = =1, - " 2.16
7 [00]"‘ (01] 7 (2.16)

The configuration of the entire system is specified by thectlpeoduct of all single-site
statedq[]; IT'i), I = A, B. The mass operator for sites given by,

N = A+ mPR/e, (2.17)

Similarly the force-constants for sitesind j are given by

= gt + of PR + BB + ol PP P (2.18)

with the Cartesian indices understood.

Consider now a rotated representation for sitewhich the basis vectors for its configu-
ration space are given by
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0) = +/CalA)+ CglBi),
1) = +/CelA)— CalBy). (2.19)

Here,|0;) is the site-average state (or the virtual-crystal statd)| B describes a fluctua-
tion away from the average state on sitén this representation, the configuration average of
any operatov& in ® can be carried out simply by taking the expectation valuA efith the
state

|D:[Imx (2.20)

whereas,

1y =125 | J105). (2.21)
j#i
describes a state in which there is a fluctuation or a defdtiemverage staté) only on
sitei. In thisfluctuation representatiothe occupation operatorg”“ands® are transformed
to

) C \/CaC
i =[ " AB) (2.22)
4vCaCg Cg
f]-B B Cs — VCaCs
I —+4/CaCB Ca .

In transforming from the configuration representation ®fitctuation representationy
goes toh and®’ to @, as given by Eqgs. 2.17 and 2.18, respectively, withithef Eq. 2.16
replaced by the” of Eq. 2.22. Thus the dynamical operatcnilsandi) are not diagonal
with respect to the number of fluctuations or defects in thetdiation representation and can
create them, destroy them, or, in the case;nfcause them to travel, or ‘itinerate’. We refer
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to the movement of defects induced by tifediagonal elements of thg as thetineration of
fluctuationsto distinguish it from thgropagationof phonons. However, these operators are
translationally invariant; the randomness in configurai®thus captured by translationally
invariant operators in the configuration sp&eThes' operators constitute the disorder field
referred to above.

Any operatorA in this augmented space can be represented in block form,

A

(2.23)

A A
ATA )

where the bold notatioA implies a matrix in the site and Cartesian indices. The four
elements of the block matrix are given by

A = PAP,

A" = PA(1-P),

AT = (1-P)AP,

A = (1-P)A(1L-P), (2.24)

whereP, the projection operator onto the virtual-crystal stategiven byP = |f)(f]|.
Thus, we see tha is the configuration average of the quantiyvhile A’, A’* generate the
coupling between the average and the fluctuation stateé amthat part ofA entirely within
the space of fluctuation states.

With the restriction of treating explicitly only single flui@tion statesf;) in the fluctuation
space® — |f)(f|, states inQ) can be specified byf) or |if|) wherei is the site index of the
dynamical variable i, position or momentum, with the Cartesian index understdear
the site indices of the corresponding matrix elements w# sftan use the compact notation
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(fIAljf) = A,
(fiAljfy = ADD,
(fiAljfy = AP,
iflAljfy = A0 (2.25)

wherel andl” denote the locations of the concentration fluctuation ocectefThe paren-
theses arountlindicate that it is neither a site nor a Cartesian directimafek, but indicates
instead the position of #uctuationin the lattice.

2.6.2 Multiple-scattering picture

A phonon propagating in a random alloy undergoes irredeaillitiple scattering [105] both
repeatedly & a single fluctuation and successivelff uctuations on the dierent sites it
encounters in the process. The CPA takes into account tineefobut not the latter. To
illustrate how the treatment of this process of multipletseang by fluctuations diers be-
tween the CPA and our formalism we employ a cartoon diagram &1). The top panel, a
two-dimensional cross-section, illustrates the multgdattering process included in the CPA.
There, the filled circle is a single ‘fluctuation site’ immedsin an average medium denoted by
open circles. The arrow on the left is the direction of phopawspagation. When the phonon
meets the fluctuation site, it undergoes irreducible midtgzattering at that site. In the CPA
(diagonal disorder), the irreducible scattering by theedesite is confined to the defect site.
The circle around the fluctuation site indicates the regibmftuence of the perturbation.
None of the springs areffected by the presence of this defect since the force-caisstaa
the same everywhere. One does an averaging over all thebfmssicupations of the single
site.

The lower three panels in Fig. 2.1 illustrate scatteringssin the ICPA. The diierence
from the CPA is that the region of influence is not only the sitdluctuation but also its
neighboring environment around the fluctuation site. TharGgshows an example (dotted
contour) where the environment includes nearest neightnags(The calculations could be
extended to further neighbors as well). When the phonomants with the fluctuation site in
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Multiple Scattering Picture
CPA (mass disorder only)

Ficure 2.1: Multiple scattering picture in the CPA (top) and witlettCPA (bottom). The

filled circle is the site of the fluctuation, and the contoursuad it indicate its area of in-

fluence. The arrows with the ICPA indicate titi@eration of the fluctuation to neighboring
sites. The details are given in the text. The diagram is d@ymred from [91].

the top panel of the three, it scatters also from all of itghbors since their spring constants
also undergo changes (denoted by the thick spring linesntrast to the thin ones for the av-
erage medium). The whole cluster of atoms undergoes fluohsain force-constants as the
location of the fluctuation site changes. One has to keep maiat the force-constant be-
tween the fluctuation site and its neighbor on the right, dagends on the occupation of both
sites, as is true for the next neighboring site on its righwab. So, one is led to include the ir-
reducible scatterings by the fluctuation on all neighbositgs, which then requires inclusion
of scattering by the fluctuations on its neighbors etc.,ltiné irreducible scatterings extend
throughout the entire sample. A simple example of this pgecgindicated in the middle and
bottom panels. Indeed, Mills and Ratanavararaksha [943 khewn that once there are non-
diagonal terms in the scattering, the self-energystinclude these migrations (itinerations) of

TH-1087_06612102



2.6. ltinerant coherent potential approximation (ICPA) 35

the scatterer throughout the sample in order to attain atyitand thereby guarantee that the
average Green'’s function will be properly analytic or Hetgl The self-consistent scattering
and the resulting coherent potential about a single deffiestitineratesfrom defect to defect
throughout the sample, making it &merant coherent potentialThe scattering could have
started from any site in the sample so that the result is al§ptfanslationally invariant.

The self-energ (wz) is calculated in the multiple scattering framework whickéfined
by

< G(w?) >=[Gya(w?) —Z ()17, (2.26)

whereG,, is the unperturbed Green’s function,

—\ -1
Guea = (Mw” - @) (2.27)
andm and® are the configuration-averaged mass and force-constanatope respec-
tively.

The most important task here is to calculate the seIf-enE@rz). Using the %2 block
representation of augmented-space operators of Eq. 123;an evaluat& which becomes

@)
I

[(fiw? - @) - K’ (fie? - ®) K™
[Grea— K'(Gits — [(Me? — @) = (Mew? - @)1} K1

[G.L - K'FK" ] (2.28)

vca

Therefore, the self-energy is given by

X =K. FK" (2.29)

where
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F=K'={(G -V}’ (2.30)

vca

and where

V = (Ml - M)w® - (¢ - @) (2.31)

The quantityV denotes all perturbations to the average medium,Faodntains the itin-
eration of the fluctuation in the average medium.

Up to this point, the scattering formalism is exact. The IGBAow introduced by re-
stricting the states within the configuration sp&e- |f)({f| to the single-fluctuation states,
the notation for which is given by Eq. 2.25. Making the sitel &artesian indices explicit,
the self-energy in Eq. 2.29 under this restriction can be written as,

af _ /(M) =(M)(N) e 77(n)
Xy = Z Kozi,(SkFék,yI Kyl,/j'j (2.32)

The summations are over the repeated indices antiutiiation itineratorf is given by
a Dyson equation,

FOG) — Gued66)j) + Z \7(i)(l)|:(l)(j)]’ (2.33)
|

where only the site index of the fluctuation is shown. The ¢tias in Eq. 2.32 are
translationally invariant as follows:

(m _ (0)
Kik - K|—m,k—m’
(mn) _ (0)(n-m)
I:kl - I:k—m,l—m (2-34)

The single fluctuation in Eq. 2.32 can be considered to haea bereated’ byK'™ at
site n, itinerated to sitan by FW™ and ‘destroyed’ byK "™ at sitem. TheK, K’" andF
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matrices have elements which are non-zero only for siteceglwithin the environment of
the appropriate defects i.e. the indideandk (I and j) must be within the neighborhood
perturbed by the defect at(n). The terms with more than one fluctuation (defect) present
at a time correspond to coherent pair and ‘defect clustattedng and are neglected in the
single-site scattering considered here. All of these dpesact in the augmented space. The
Egs. 2.29 - 2.33 define an itinerant single-site multipléteciag theory.

The restriction in Eq. 2.32 to states &f — |f){f| containing only a single fluctuation
iS a very severe approximation. Multiple-fluctuation ssaéee of course present i and
contribute toX. In the spirit of the CPA, these are included approximatsfyirtiroducing
self-consistency. As in the CPA [68, 104], self-consisteiscachieved here replacin@yc,
in F in Eq. 2.33 by a conditional propagat6i), identical toG =< G > except that all
irreducible scatterings beginning or ending on sitre omitted, so thaf would then be
given by

FO = GOLgeq) + > VOOF00)] (2.35)
|

In parallel with Eq. 2.26G® contains a conditional self-ener@f) which is similar to
Eqg. 2.32, except that it includes only those scatteringsrt@iher start nor end on

GO = [(Gvca)_l - E(i)] - (2.36)

0 — Z KO EOm) i 7#(m) (2.37)

|, mei

The ICPA formalism allows’, K’ andV to include force-constant disorder as well and
therefore defect itineration in Eqgs. 2.35 - 2.37. Unlike tlszial CPA where only a single
fluctuation at a site is considered, multiple fluctuationmow from multiple scattering is
present in the itineratof and therefore contribute to the self-enely In the context of
phonon excitations, this enables one to use the formalisattommodate force constant
disorder along with mass disorder.
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38 Chapter 2. Methods of configuration averaging for phonontakons in random alloys

It now remains to solve these equations, making use of tinslaaonal symmetry of the
augmented-space operators. This is accomplished by Fdraresforms on the fluctuation-
site labels,

A @ =N DT AN eidR, (2.38)
1l
and
A = N D A€, (2.39)
d

Wherelfé", is the lattice vector connecting the fluctuation sitesdl’, mandn are neigh-
bors ofl andl’, respectively, and thg sum is over the Brillouin zone.

It is also possible toféect Fourier transforms on the site indices themselves. Ghiie
self-energy is

Z(@ =N Zpee @R (2.40)

From Egs. 2.29, 2.34 and 2.38, it follows that

2@ = ) KOF (@ KiOe R (2.41)

l,mn,p

In this notation, Eq. 2.35 becomes

F (@ = Gh+ D GOV (@, F (@ (2.42)
rp
which can be written in matrix notation as
F(@) =[G -V (@)™ (2.43)

TH-1087_06612102
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In order to evaluat&©®, Eq. 2.36 can be rewritten as,

GO = [(Gvca)_l _ ):(0)]—1 =[G =1 +f(°)]‘1, (2.44)

where,Z© = (£ - ). The conditional self-energy® containsonly those scatterings
which either start or end with a perturbation caused by adktobn at site 0. Thus, to evaluate
the self-consistent propagat6f?, we need to knows G >. But < G > is obtained from
Eqg. 2.26, which becomes

<G@> = [Gua@ -Z(@"
<Gj;> = Nt Z < G(q) > e laRy, (2.45)
q

After reaching self-consistency by the procedure desdriiedow, these expressions are
used to calculate densities of states and spectral furgction

The conditional self-energ® can be broken up into two contributions:
(i) Scattering that starts from a defect at site 0 and endseaj.s
(ii) Scattering that starts gtbut ends at O.
This decomposition results in
30 _ Z[K’(O)F(O)(DK'TU) + K'DEDOK 0] _ K OFOOK 1H(0) (2.46)
]
The last term is subtracted to avoid overcounting whe®.

In a block notation similar to that of Eq. 2.23, we have

- T, X
LI B (2.47)
0
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G(O) G(O)
GcO=| ! 8 (2.48)
#(0 0 |’
G3( ) G(z)
G, G
<G >»= s (2.49)
T
3 G2

where, for a general operat8r A; begins and ends with scattering about sit& Oneither
begins nor ends with scattering about site O aadég) begins (ends) with scattering at the
site 0 and ends (begins) with scattering about a sftemnt from 0. The ternx, is 0 since
T must begin or end at the site 0. From Eq. 2.44 , we have

GO =<«G> (I +X0 <« G >>)_1, (2.50)
which leads to
G = X[ +(Z1 - ZsGoE}) X + ZsGI] %, (2.51)
where,
X = (I +Gszi) Gu. (2.52)

In order to evaluate these expressions, we need to caldalatderms: Gy, X, ng;
and)lng):; The second terrX; is just a finite sum of finite matrices and can be evaluated
directly, but the last two terms involve sums which ranger@esites in the solid and must be
evaluated by Fourier transforms. An interesting point ttene that the quantitie@gzg and
23G22§ represent the scattering and itineration of the disturbancluding the &ect of the
oft-diagonal and environmental disorder. In case of diagdisdrder only, they vanish giving
G(lo) = G1 (I + X1)7%, which is the CPA self-consistent propagator, and the smifistent set
of equations reduces to the CPA equations.
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In Fig 2.2, the scheme of the calculations in the ICPA forsraliis represented by a
cartoon diagram. Here, the iterations are done till seifsistency is achieved for eagtpoint
in the Brillouin zone. In the process of achieving self-detency, one calculatesc G >

in both real-space and ig-space; each is needed to obtain densities of states antiadpec
densities respectively.

Scheme of Calculations

Input G

!

Calculater (q)

l

Calculates () and <<G(q)>> | [Eds. (2.40) and (2.44)]

|

Calculate <<G >> by Fourier transformation

l

Calculate self-energy contributicd®  due to Eq. (2.46)]
scatterings beginning or ending at a defect at site [)

l

Calculate self-consistent G using
<<Gj>>andz" from the previous bo

@ Converged ? Yes—OUEPUTS

Density of states (average and partial)
Spectral functions (G in k-space)
Partial spectral functions

k-dependent self-energy
dispersion curves

[Egs. (2.49) and (2.50)]

Ficure 2.2: Scheme of the calculations in the ICPA formalism.

2.7 Summary

In this chapter, we have discussed various methods to perfioe configuration averaging
in disordered alloy environment. It turns out that most & thethods, discussed here, are
not suitable for the study vibrational excitations. Whil€X does not consider any kind of
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42 Chapter 2. Methods of configuration averaging for phonontakons in random alloys

fluctuations in the medium, the scheme of calculation withm ATA is not self-consistent.
CPA, being a single-site theory, fails to incorporatediagonal and environmental disorder
which is essential for the study of phonons. The recentlyebtiged ICPA provides a success-
ful, self-consistent, analytic method to perform the camfagion averaging in substitutionally
disordered alloys. We have demonstrated how this mulspbdtering based formalism cap-
tures the #&ects of df-diagonal and environmental disorder. The use of augmespade to
keep track of the configurations of the system has made tinesiaam simple yet powerful.
The Hamiltonian defined in this space contains informatioouad all possible atomic config-
urations of the system so that the configuration averagimgis separate process anymore.
The augmented space theorem then reduces the problem ofwenion averaging to the
evaluation of only a single matrix element. Moreover, thdentying translational invariance
of the operators in the augmented space allows one to usedstttte-art methods for ordered
systems in case of substitutionally disordered systemsefisnhich makes it a numerically
tractable approach. This formalism also enables one to mia&et comparison with neutron
scattering experiments.
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Chapter 3

First-principles based modeling of
Inter-atomic force constants

3.1 Introduction

The ‘Itinerant Coherent Potential Approximation’ (ICPAa$hbeen able to illustrate the im-
portance of the force-constant disorder with regard to tih@npn spectra in disordered alloys
[91, 106, 107]. However, the key input that needs to be fealtinis Green’s function based
method for performing configuration averaging of physicabntities are the inter-atomic
force constants between various pairs of specie. Due toah@om chemical environment
around each atom in a substitutionally disordered allay fiice constants corresponding to
A-A, B-B, and A-B pairs in 8A:B,_y alloy are diterent from those in the ordered alloy and in
no way resembles the force constants in a completely ordaredonment. In order to have
significant accuracy in calculated phonon properties omeilsh therefore, have accurate in-
formation on force constants corresponding to variousspafithemical species. The quest,
thus, is to look for a reliable source of inter-atomic foraestants in random alloys. The
most trustworthy source available in this regard are thé-firsciples electronic structure
methods. However, state of the ali initio calculations always assume some degree of trans-
lational symmetry in disordered systems. For calculatioingroperties in disordered alloys
through first-principles techniques, one has to constrticeea large supercell or as is done

43
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44 Chapter 3. First-principles based modeling of inter-atorfarce constants

in conventional alloy theory, a cluster expansion [108] teetse fitted to the ground state ener-
gies of a large number of ordered states. While the calaxidtr a given ordered structure is
a relatively routine task with modern first-principles dteaic structure codes, this procedure
has to be repeated for many configurations in order to prgpek cluster expansion which
makes the whole procedure computationally demanding.|&insithe case for the supercell
technique. For calculation of phonon excitations, the cotafonal cost rises even further.
Thus, in spite of having a suitable self-consistent, amaytechnique to perform the required
averaging over various configurations in the disorderedesys, the calculations of phonon
spectrum in random alloys were rather limited because cfdlpeactical diiculties.

In this chapter, we present a new approach to calculate teeatomic force constants in
random alloys. The formalism is a combination ofaminitio method which computes inter-
atomic interactions based upon the detailed electroniciires and the intuitive argument
about dependence of stretching and bending force constarisnd lengths. In combination
with the ICPA, which does the desired averaging over varemndigurations in the disordered
alloy, addressing both mass as well as force constant édisonge employ our approach to
investigate the interrelations between the inter-atomricd constants and the lattice dynamics
of PdyosFenos andPdyoFey; [109]. We present results on phonon frequencies and elastic
constants for these two alloys. Significant insight aboatititer-atomic interactions between
various pairs of chemical specie is obtained in the coursripinvestigations.

In the next two sections, we discuss the Density functiamabty (DFT) [110, 111] and
the Density functional perturbation theory (DFPT) [112hieh we use forb initio calcu-
lations of inter-atomic force constants. The modelingtsetyg to calculate force constants
in random alloys and the corresponding results on phon@uémecies obtained by the ICPA
method are discussed in the following section which alssitates limitations of the present
approach. At the very end, we put forward the formulation oh@re appropriate modeling
strategy which does away with the limitations of the presgmuroach.

3.2 Density functional theory (DFT)

Density functional theory is the backbone of the statehefdrt calculation of electronic struc-
ture in condensed matter. The main highlight of this appnoathe mapping of a many-body
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3.2. Density functional theory (DFT) 45

electronic problem onto a non-interacting one. The formafaof the DFT originated in a
famous article written by P. Hohenberg and W. Kohn in 19640[1IThey established two
theorems which constitute the theoretical foundation oTDF

Theorem |: For any system of interacting particles in an external pideiVe.(r), the
potential Vey(r) is determined uniquely, except for a constant, by the giostate particle
densityng(r).

Theorem II: A universal functional for the energi(n) in terms of the density(r) can
be defined, valid for any external potential(r). For any particulaWex(r), the exact ground
state energy of the system is the global minimum value offthistional and the density(r)
that minimizes the functional is the exact ground state iteng(r).

The meaning of the first theorem is that the ground state tyengir) completely de-
termines all the properties of a given many body system.ldinel an enormous conceptual
simplification of the quantum mechanical problem of searglior the ground state properties
of a system of interacting electrons, because it replacesréditional description based on
wave functions (which depend olN3ndependent variablebl being the number of electrons)
with a much more tractable description in terms of the simgidy charge density, which de-
pends on only three variables. Hohenberg and Kohn also demaded that there exists a
universal functionaF[n(r)] of the electron charge density such that total energytianal
becomes

()] = FIn()] + [ Vesn(er (3.1)
whereF[n(r)] contains the kinetic energy and the mutual Coulomb irtioa of the elec-

trons andVe(r) represents the external potential acting on the electrdhe minimization
of this functional with the condition that the total numbéparticles,N, is preserved:

fn(r)dr =N, (3.2)

directly gives the ground state energy and charge density, Which all the other physical
properties can be extracted.
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However, a major diiculty in the direct application of this remarkably simplesué is
that the form of the functionak:[n] is unknown. In order to solve the problem, Kohn and
Sham [111] introduced a further development to transfornt Dfo a practically useful tool.
The Hohenberg and Kohn theorems hold independently of theige form of the electron-
electron interaction. In particular, when the strengthhaf €lectron-electron interaction van-
ishesF [n] defines the ground state kinetic energy of a system of nteranting electrons as
a functional of its ground state charge density distribufig[n]. This fact was used by Kohn
and Sham (1965) to map the problem of a system of interacteajrens onto an equivalent
non-interacting problem. To this end, the unknown funaidn[n] is cast in the form

F[n] = To[n] + % fnl(rr)fnr(,rl)drdr' + Ex[N] (3.3)

where the second term is the classical electrostatic stdfaction of the electron charge
density distribution and the so calledichange-correlation energy&s defined by Eq. (3.3).
Variation of the energy functional with respectitigr) with the constraint that the number
of electrons be kept fixed leads formally to the same equatsowould hold for a system of
non-interacting electrons subject to dieetive potential, also called the self-consistent field
(SCF) potential, whose form is,

n(r’
Vsce(r) =V (r) + e2f|r E r),|dr' + Ve (1) (3.4)

where

OExc
on(r)

Vye () = (3.5)
is the functional derivative of the exchange-correlatioergy, also called thexchange-
correlation potential

The power of this trick is that, if one knew th&ective potentiaMscr(r), the problem
for non-interacting electrons could be trivially solvedtiout knowing the form of the non-
interacting kinetic energy functiondb. To this end, one should simply solve the one-electron
Schrodinger equation:
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n? &2
( 2mar2

+VSCF(r))l//n (r) = &¥n(r) (3.6)

The ground state charge density distribution and non-aaterg kinetic energy functional
would then be given in terms of tteuxiliary Kohn-Sham orbitalsy, (r):

N/2
N =2 Wn()P (3.7)

n=1

2 N/2
Tolr] = 20 " f wn()”““) r (3.8)

whereN is the number of electrons and the system is supposed to lmeagmetic so that
each of theN/2 lowest lying orbital states accommodates two electroregppbsite spin.

The ground state energy given by Es. (3.1) and (3.3) can biwadegntly expressed in
terms of the Kohn-Sham eigenvalues

N/2

E[n] :ZZen—gfnl(rr)fnr(,rl)drdr#Exc[n]—fn(r)vxc(r)dr (3.9)
n=1

Eq. (3.6) has the form of a non linear Schrodinger equatioosglpotential depends on its
own eigenfunctions through the electron charge densityibigion. Once an explicit form for
the exchange-correlation energy is available, this eqonatan be solved in a self-consistent
way using a variety of methods.

3.3 Density functional perturbation theory (DFPT)

Density functional perturbation theory (DFPT) [112] is andity functional theory (DFT)

[110, 111] based linear response method to obtain the etgctand lattice dynamical prop-
erties in condensed matter systems. The inter-atomic fooostants required to calculate
the phonon frequencies are derived via the linear respdne @lectronic subsystems. The
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Hellmann-Feynman theorem [113, 114] is used to calcula&eldgments of the force constant
matrices

—0F, ONg (r) OVRr (r)
Car. = - d
RR; = 3R, f R, oR,
VR (r) 6°En(R)

3.10

+fnR(r)aR.aRJ+aR.aRJ (3.10)

R, R; are the ionic positionsk, is the Hellmann-Feynman force on theh nucleus,
ng (r) is the ground state electronic charge density correspgrdithe nuclear configuration
R, Vr (r) is the electron-nucleus interaction aig is the ion-ion interaction energy. From
Eq 3.10, it is clear that the inter-atomic force constangésdatermined from the ground state
charge density and from its linear response to a distortiaheé ionic configuration. In the
DFPT, these quantities are calculated within the DFT fraorkwith a workload of the same
order as that required for a standard ground state totaggroaiculations.

The theory can be applied to any order, but the main ideaseaeén in the lowest order
linear response. In order to simplify the notation and mdiedrgument more general, we
assume that the external potential acting on the electeadliferentiable function of a set
of parameters] = {4;} (14 = R, in the case of lattice dynamics). According to the Hellmann-
Feynman theorem, the first and second derivatives of thengretate energy read

JE _ [ oVu(r)
oA A

n,(r)dr (3.11)

any(r) oV,(r)
AAidA; nndr | =5y A,

0X01;

dr (3.12)

92E fazvﬁ(r)

The electron density responsén, (r) /04;, appearing in Eq. 3.12 can be evaluated by
linearizing Egs. 3.7, 3.6 and 3.4 with respect to wave fumgtilensity and potential variations.
Linearization of Eq. 3.7 leads to

N/2

AN(r) =4 Re)  yp (r) Ayn(r) (3.13)
n=1
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where the finite dference operatok? is defined as

F
MF = 3 OFin (3.14)

The superscript has been omitted in Eq. 3.13 as well as in any subsequent fasmu
where such an omission does not give rise to ambiguitiexceSime external potential (both
unperturbed and perturbed) is real, each Kohn-Sham eigetiéin and its complex conju-
gate are degenerate. As a consequence, the imaginary fihd sfim appearing in Eq. 3.13
vanishes, so that the prescription to keep only the realqaertoe dropped.

The variation of the Kohn-Sham orbitalsy, (r) is obtained by standard first order per-

turbation theory [115]:
(Hscr— &) [Ayn) = — (AVscE— Aey) [yn), (3.15)
where,
h? 02
Hscr=—5-25 + Vscr(r) (3.16)

is the unperturbed Kohn-Sham Hamiltonian,

An(r) - dvye (n)
dn n=n(r)

AVsce(r) = AV (r) + ezf AN(r) (3.17)
is the first order correction to the self consistent-porandAe, = (n|AVscHyn) IS the
first order variation of the Kohn-Sham eigenvalyge,

Egs. 3.13-3.17 form a set of self-consistent equationwperturbed system completely
analogous to the Kohn-Sham equations in the unperturbed Egs. 3.4, 3.6 and 3.7) with the
Kohn-Sham eigenvalue equation, Eq. 3.6, being replacetidgalution of a linear system,
Eq. 3.15. AsAVsce(r) is a linear functional ofAn(r), which in turn depends linearly on
the Ay’s, the whole self-consistent calculation can be cast imseof a generalized linear
problem. It might appear that there is a problem since thehahd side of Eq. 3.15 is singular
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because the linear operator appearing therein has a naheatue. However, the response of
the system to an external perturbation only depends on tim@anent of the perturbation that
couples the manifold occupied states with the empty stdths.projection onto the empty-
state manifold of the first order correction to occupied @&isican be obtained from Eq 3.15
by replacing its right-hand side withP.AVscHyn), whereP, is the projector onto the empty-
state manifold, and by adding to the linear operator on ftdhend sideHscr — €,, a multiple

of the projector onto the occupied-state manifdétg, so as to make it non-singular:

(Hscr— aPy — &) [Ayn) = —=PcAVsceyn) (3.18)

The basic algorithm for DFPT consists of solving the setmédir equations 3.18 fauy,
and expression 3.17 fakVscg in terms of of An, which is given by 3.13. Sincan is a
function of the set of occupietly,, this forms a self-consistent set of equations which can be
solved by any ficient iterative method.

In the next section, we present an approach to model theatdenic force constants in
random alloys by making use of the results obtained from-firgtciples DFPT calculations.

3.4 Modeling the inter-atomic force constants

The lack ofab initio method for computing the inter-atomic force constants iaralom alloy
environment has made the problem rather tricky. Previquslfiew attempts were made to
obtain force constants for random alloys fran initio calculations on a single ordered struc-
ture having the same symmetry as that of the alloy [91, 10@hodgh the calculations are
less expensive computationally, the results obtained Veergom reality. An alternative ap-
proach was provided by Cedar and coworkers [116—-118]. dpproach, they found that the
relevant force constants are strongly correlated with treddengths between a given pair of
atoms. Taking cue from their observation that the force tamts are dependent upon the bond
distances, we here model the inter-atomic force constanta fandom binary alloy /B

in the following way: The A-A and B-B force constants are cartgal fromab initio calcula-
tions on elemental A and B with the same Crystal structuresdice same lattice constant as
that of the random alloy. With this modeling strategy, theimmment around each atom in
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the original random alloy and the bond distances can be epikisented by the calculations.
Modeling the A-B interactions is, however, tricky. Here, aansider the A-B force constants
to be simple concentration averages of the A-A and the B-Be@onstants. In order to test
the validity of our modeling strategy, we have chosahFe; , (x = 0.96 and 090) alloys.
The reason behind this is twofold: first, the siz&e&lience between Fe and Pd atoms are not
appreciable. Therefore, there wouldn’t be significant dispn of bond distances of Fe-Fe
and Pd-Pd pairs and as a result our scheme is ideally suit¢kdese alloy systems. Second,
previous theoretical results on phonon frequencies basea model potential method are
available for these systems [119-121]. Since the forcetaatsgenerated from the model
potentials were obtained at the alloy lattice constantstescdcomparison could beffected
between our results and those obtained from the model pateatculations.

In the next sub-section, we test the validity of this apphoadhe proposed modeling
scheme is combined with the ICPA method to calculate phomgpedsion curves and elastic
constants iPdyFe;_« (x = 0.96 and 090) alloys. Our observations and further developments
are discussed in detail.

3.4.1 Application: PdyFe;_4 (x = 0.96,0.9)

An understanding of the behavior of various inter-atomicéconstants in a random envi-
ronment is a necessity to analyze the phonon spectra artddgleoperties. This necessity
is probably more in the case of the so called Type-Il alloygselthe constituents making
up the alloy, themselves crystallize infléirent structures in their elemental phases while a
single unique lattice is formed upon alloying. Examples wths systems are iron-nickel,
iron-platinum and iron-palladium. In disordered phasetheke alloys, a unique FCC solid
solution is formed whereas iron stabilizes in BCC phase abrdéemperature. It is a well
known fact that FCC iron is unstable until one attains veghhiemperature [122]; the force
constants in FCC iron at low temperatures are, therefogeeed to be soft. It would, there-
fore, be interesting to investigate the changes in the-ati@mic force constants associated
with iron atoms, if any, and their impact on the phonon sgertithe disordered phases of a
Type-Il alloy. We have chosead,Fe;_ alloy for such investigation as a systematic study on
the behavior of the inter-atomic force constants and tlede on the features of the phonon
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dispersion relations, have not been done for this alloy. thd@uscattering experimental re-
sults on phonon frequencies and elastic constants areabiailor x-0.96 and 0.9 [123] in
this alloy. The only theoretical results available on the&ggems are based on a pair-potential
method [119], later modified to include three body intem@asi [120, 121]. In this approach,
the model potential is generated from the dissociationggnef a pair of atoms, the distance
between them and by fitting to the elastic constants. Thethoely term is later evaluated by
fitting the total interaction energy of an atom in a particwgystal structure to the total cohe-
sive energy of the element. The inter-atomic force constarg then obtained from the spatial
derivatives of these potentials. In casePaf o6F €504 andPdy gF ey the phonon spectrum ob-
tained from the pair-potential only model showed signiftadeviation with experiments and
the elastic constants werdf ®oy about 25% on an average. Inclusion of the three-body term
improved the phonon frequencies Bty gFey; but no results on the elastic constants were
presented. However, in the model potential approach, tleeafothe electronic structure of
the elements forming the alloy were altogether neglectatteShe inter-atomic interactions
were dependent solely upon a given crystal structure an@mahe electronic structure, the
nearest neighbor Fe-Fe and Pd-Pd inter-atomic force aotsstame out to be of same orders
of magnitudes (since the nearest neighbor force constaatsCC structure are order of mag-
nitude higher than the distant neighbors, we focus on thagg.oThis result is completely
counter-intuitive because Fe-Fe force constants are &ghéa be softer than that of the Pd-
Pd ones for the reason mentioned above. The inter-atonge fmnstants as obtained by the
model potential approach, therefore, seems not to représeactual microscopic picture.

3.4.1.1 Computational details

First-principles Quantum-Espresso code [124], based wpBtane wave- Pseudopotential
implementation of the DFPT, has been used to compute thesFeaé Pd-Pd force constants
at the alloy lattice parameters, 7.31 a.u. RugoFep and 7.339 a.u. foPdygFe,;. Ultra-

soft pseudopotentials [125] with nonlinear core correwifil26] were used. Perdew-Zunger
parametrization of the local density approximation (LDARJ] was used for the exchange-
correlation part of the potential. Computation of the Fefdtee constants was also done with
the PBE-96 GGA [128] exchange-correlation functional fue sake of comparison as there
are serious doubts regarding the reliability of LDA resiitisiron. Plane waves with energies
up to 55 Ry are used in order to describe electron wave funs@md Fourier components of
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the augmented charge density with dtitenergy up to 650 Ry are taken into account. The
Brillouin-zone integrations are carried out with MethfesBPaxton smearing [129] using a
12X12x12k-point mesh. The value of the smearing parameter is 0.02 Rgsd parameters
are found to yield phonon frequencies converged to withieEent.

After achieving the desired level of convergence for thectetmic structure, the force
constants are conveniently computed in reciprocal spacefomte g-point grid and Fourier
transformation is employed to obtain the real space foreestamts. The number of unique
real-spaced force constants and their accuracy dependtbhpatensity of thej-point grids:
the closer the-points are spaced, the more accurate the force constantsahis work, we
have used a 4x4xg-point mesh.

The ICPA calculations were done on 400 energy points. Therds in the force constants
were considered for nearest neighboring shell only. A smredlyinary frequency part of -0.05
was used in the Green'’s functions. The Brillouin-zone iraign was done over 35§-points
in the irreducible Brillouin zone. The simplest linear-nmg scheme was used to accelerate
the convergence. The number of iterations ranged from 5 tor14ll the calculations.

3.4.1.2 Results

In the calculations of phonon spectrum using the model paientials, the system was con-
sidered to be a mean-crystal like where the mass was coeditiebe a concentration average
of Fe and Pd masses and the force constant disorder wasrstiddstaveak. The weak force-
constant disorder resulted from the fact that the Fe-Fe lamdPd-Pd force constants were of
nearly the same magnitude and the Fe-Pd force constantcaecentration averages of the
above two. The Fe and Pd masses have a rali@®; therefore, the mass disorder in the alloy
should be significant apart from the force constant disor@early, a mean crystal model
like the one followed in References [119] and [120] wouldwotk properly. To demonstrate
this, we have done ICPA calculations with these set of foorestants [119, 120] and with the
masses of the constituents being kept equal to the contenteveraged mass. The results
for PdyoF ey, are presented in Fig. 3.1. The dispersion curves deviatetauotially from the
experimental results. The disagreement is greater as astgwards the zone boundary. The
agreement is near perfect for the longer wavelengths. Tésorebehind such discrepancies
can be understood as follows: in the longer wavelength Jiseif averaging of both mass and
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Ficure 3.1: Dispersion curves (frequeney vs reduced wave vectaf); ¢ = lql%,d the
phonon wave-vector; foPdygFep 1 calculated in the ICPA (solid lines) with the #orce con-
stants obtained from model potential. The circles are tipeemental data.

force constants over a single wavelength reduces the ICBfat@f a mean crystal model like
the virtual crystal approximation (VCA), making near petfagreement with the experiments
in our case; in the shorter wavelength regime where fregesrare higher, the mass and the
force constant disorders play a more significant role. Imtiean crystal like model generated
by the model potential, all three inter-atomic force conttare pure Pd-like and the mass is
an average one which is lower than that of the Pd mass. Theophoaquencies obtained,
therefore, are overestimated as the mean crystal is likeofhyaure Pd with a reduced mass
due to neglect of mass and force constant fluctuations.

In order to address the microscopic picture of inter-atoimieractions more realistically,
we first focus on the lattice dynamics of FCC Fe at the lattoestants of the alloys consid-
ered. The dispersion curves of pure Fe calculated byathaitio DFPT at the alloy lattice
constant ofPdygFey; are presented in Fig. 3.2. The results with both the LDA ergea
correlation and with the GGA exchange-correlation are gmésd for the sake of comparison
because the LDA is known to fail in reproducing the correcgnetic ground state of BCC
iron [130]. The results show that FCC Fe is dynamically uiplstat the given lattice constant.
This qualitative feature is identical for both exchangerelation functionals. Quantitatively,
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Ficure 3.2: Calculated LDA (black lines) and GGA (red lines) phomtispersion curves of
Fe in the FCC phase, both computed at the experimentaldattinstant oPdy goF €y 1.

the GGA frequencies are larger than those of the LDA. Sinaeomly aim was to show
that the dynamical instability of the Fe at the FCC phase arleagiven lattice constant is
independent of the exchangecorrelation functional, trentjtative values of the phonon fre-
guencies are irrelevant for the discussion. The resultlglelemonstrate that the use of the
LDA exchange-correlation functional is justified in the peat case. The reason LDA works
in the present case, although it even fails to produce therfeagnetic ground state for the
BCC structure, is the following: here we have done compaitetion the ferromagnetic-FCC
phase of iron and at a lattice constant of 7.31 au. We&treg [131] had earlier demonstrated
that at the FCC phase the lowest energy state of the Fe is ssphigherromagnetic state be-
yond the lattice constant of 6.8 au and that the existenchigfstate is consistent with the
experimental observation that FCC Fe precipitates in Cuakays (lattice constant 7.11
au) [132]. Their calculations were done with the LDA funciad. Therefore, for FCC Fe at
the lattice constants considered for our study, the LDA fiomal can be used safely. Similar
to this case, we see the identical qualitative features iA labd GGA phonon dispersion
results for Fe at the lattice constantfd, osF €504 as well, which demonstrates that the Fe is
also dynamically unstable at this lattice constant. Counsetly, the nearest-neighbor force
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Ficure 3.3: Dispersion curves fdPdy gsF€y04 calculated in the ICPA. The Fe-Pd force con-
stants are the concentration-averaged ones. The cirdgbhaexperimental points.

constants (longitudinal and transverse) as shown in Tatil@ar®@ much softer than the corre-
sponding ones in the case of pure Pd calculated at the saige ladnstants. This is only to
be expected as has been discussed before. This softnesd@-fe interactions are expected
to remain in the alloys studied as well because of the samedatructure of the element and
the alloy and because of the dependence of longitudinat¢sing) and transverse (bending)
force constants on bond distances alone [116]. Therefoed;¢-Fe interactions as portrayed
in the model potential based method are far from reality.

In what follows, we calculate the phonon dispersion curnvethese two alloys by the
ICPA using theab initio Fe-Fe and Pd-Pd force constants. As a first approximatierf;¢hPd
force constants are taken to be simple concentration ageraigthe Fe-Fe and Pd-Pd force
constants, as was done in the calculations with the modehpats [119, 120]. The results for
PdyeF e, andPdygF ey, calculated with these set of force constants, are presémtéig. 3.3
and 3.4 respectively. The phonon frequencies are obtanwed the peaks of the coherent
scattering structure factor as defined in Eq. 2.3. The reshlbw good agreement with ex-
perimental results for the major part of the spectrum fohkibe alloys. However, near the
zone boundary, spurious splittings in the dispersion caiere observed. This kind of split-
ting in dispersion curves is a typical feature of a strongéoconstant disorder. In [91], the
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Ficure 3.4: Dispersion curves fdPdygFep 1 calculated by the ICPA. The Fe-Pd force con-
stants are the concentration-averaged ones. The cirddb@experimental points.
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Ficure 3.5: Partial and total structure factors calculated by tBEA for various/ values in
the [£,0,0] direction in (a)PdygsFep 04 and (b)PdygF ey using the concentration averaged
Fe-Pd force constants. All the curves are for longitudinabtles.
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splitting in the dispersion curve for the NPtso alloy was found to be due to the interplay
of the Ni-Ni, Pt-Pt and Ni-Pt force constants whereas in [1@7spurious splitting like the
present case was observed in thgyPes, alloy which was due to an overestimation of the
Pd-Pd force constants. To understand the sources of theysicphsplittings in our cases,
we take recourse in the partial and the average structuterfacln Fig. 3.5, we present re-
sults for the structure factors along th®Q] direction and for the longitudinal branch at some
selected’ values. ForPdygsFep04 (Fig. 3.5(a)), we observe that the contributions of the Fe
pairs to the total structure factors are minuscule and tketspm is dominated mainly by the
Pd pairs. However, the structure factor at the zone bouniiasya two peak structure where
the small hump-like peak at a higher frequency is due to smiisi contributions from the
Fe-Pd pairs. This is the reason behind the existence of tine lexgitudinal branches in the
dispersion curves. FdtdygF ey 1(Fig. 3.5(b)), the peaks in the structure factors are makity

to the Pd pairs with some contribution from the Fe-Pd pairssfoaller values. However,
as one moves towards the zone boundary, a hump starts to ghathigher frequencies, as
is seen in case of [0, 0, 0] longitudinal branch. The hump originates mainly from fePd
contributions. At the zone boundary, the main peak in thecsiire factor shifts substantially
towards high frequency, producing a split in the dispersiorve. The new peak is now domi-
nated by the Fe-Pd contributions along with contributiongaifthe Pd pairs and Fe pairs. Itis
interesting to note that, on the lower frequency side wher& had dominant contributions,
no peak is observed because of the fact that the Fe-Pd agtrdgrib have neutralized the Pd-
Pd contributions completely. The observations in the stmacfactor results suggest that, for
high¢ values, the Fe-Pd interactions are competing with the Piahedactions producing the
anomalous new branch in the phonon spectrum. That the Fet®@gdtions are as strong as
the Pd-Pd interactions can be understood from the forcetaotssprovided in table 3.1. We
can therefore conclude that the Fe-Pd interactions cakmifeom simple concentration aver-
ages of the Fe-Fe and Pd-Pd interactions do not provide aat@icture of the microscopic
interactions.

In our endeavor to model the inter-atomic interactions ecity with the help of theab
initio force constants, we next try to model the Fe-Pd force cotstaaking use of the
following intuitive argument: the basic assumption on whige calculated the Fe-Fe and
Pd-Pd force constants at the alloy lattice constants waghbanter-atomic longitudinal and
transverse force constants are dependent upon bond distafane. In the same spirit, the
Fe-Pd force constants can, therefore, not be of nearly tine saagnitude as the Pd-Pd ones.
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Ficure 3.6: Dispersion curves fdPdy gsF €904 With 20% reduced Fe-Pd force constants ob-
tained from the ICPA calculations. The circles are the expental points.

Taste 3.1: Computed force constants (in unitsdyin cnt?) for PdyFe;_y. Fe-Fe and Pd-Pd
force constants are obtained from DFPT calculations. FéaReraged) force constants are
the ones obtained by performing concentration averagesererand Pd-Pd force constants.
Fe-Pd (reduced) force constants are the ones reduced by r208ctlie Fe-Pd (averaged)
values. L and T represent the longitudinal and the transvierge constants respectively.

Pair type Conc.(x) L T
Fe-Fe 0.96 13365.62 -566.05
Pd-Pd 0.96 45925.46  -2423.68

Fe-Pd (averaged) 0.96 44623.07 -2349.37
Fe-Pd (reduced) 0.96 35698.46 -1879.50
Fe-Fe 0.90 14495.28 -609.35
Pd-Pd 0.90 48767.67 -2698.84
Fe-Pd (averaged) 0.90 45340.43 -2489.89
Fe-Pd (reduced) 0.90 36272.34 -1991.91
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Ficure 3.7: Dispersion curves foPdygFey; with 20% reduced Fe-Pd force constants ob-
tained from the ICPA calculations. The circles are the expental points.

This intuitive argument is based upon the fact that, in bbthdlloys considered here, the
Fe concentration is very low; therefore in the sample the ®da would find themselves

mostly surrounded by Pd atoms, making the average bonchdesaof Fe-Pd larger than that
of Pd-Pd, resulting in the softening of the Fe-Pd interaxtim comparison to the Pd-Pd ones.

Based on this intuitive argument, we now reduce the Fe-Refoonstants from the con-
centration averaged values, keeping the Fe-Fe and Pd-Rdimtaet. The anomalies in the
phonon spectrum completely disappear by 20% reductioneoF#tPd force constants from
the concentration averaged values. In Figs. 3.6 and 3.7 yesept the dispersion curves cal-
culated by the ICPA using these new sets of force constantBdgysF ey o4 and PdygF ey,
respectively. We observe substantially good agreementdset the ICPA results and the
experimental results for both cases. Corresponding stredactors for [100] longitudinal
branches are shown in Figs. 3.8 and 3.9, respectively. Bilik previous structure factors
(Fig. 3.5), no dual peak structures appear in these caseshodo alloys, the Fe-Pd contri-
butions are significantly weaker than the Pd-Pd ones andeatdhe boundary, the Fe-Pd
contributions only add more weight to the single peak doteicdy the Pd-Pd contributions.
The extra peaks which were observed with the concentratieraged Fe-Pd force constants
are now shifted to the lower frequencies and merge with thie pak.
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Ficure 3.8: Partial and total structure factors calculated in 8BA with 20% reduced Fe-
Pd force constants faf = 1 in the [,0,0] direction inPdygsFep0s4. All the curves are for
longitudinal modes. The inset shows the contributions fk@mous pairs near the peak.
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Ficure 3.9: Partial and total structure factors calculated in fBBA with 20% reduced Fe-
Pd force constants faf = 1 in the [,0,0] direction inPdygFep1. All the curves are for
longitudinal modes. The inset shows the contributions fiamous pairs near the peak.
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TasLE 3.2: Computed elastic constants (in units of Mbar)RaokFe; .

Pdby.9sF €0.04 PdyoFens
Theo Theo Expt. Theo. Theo. Expt.
[our calc.] [119] [123] [ourcalc.] [119] [123]
Cu1 1.97 1.716 2.3 2.24 1.724 2.29
Ci2 1.25 1.273 1.53 1.41 1.292 1.65
Cua 1.26 1.015 0.78 1.12 1.004 0.86

Finally, we calculate the elastic constants in these alfay® the slopes of the phonon
dispersion curves in order to check the accuracy and thetgudithe phonon frequencies
obtained by the modeling strategy adopted here. The reatdtgiven in Table 3.2. Re-
sults obtained from the model potential calculations [1dr8] the experiments [123] are also
presented for comparison. We observe an overall betteeaggrt of our results with the
experimental values than those of the model potential amproThe only significant discrep-
ancy is observed fdC4, in the case oPdygsF €y04.- The average deviation between our results
and the experimental ones is about 16%, indicating reas$pgabd agreement.

3.4.2 Limitations of the modeling strategy

In the present approach, we have tried to model the intenatforce constants fdPdy gsF €504
andPdygFey; by calculating the Pd-Pd and Fe-Fe force constants in puenBgure Fe lat-
tices with the alloy lattice constants. The basic assumgighind such approach is that the
effect of environment on these force constants are expected lesk due to the high con-
centration of one of the constituents. The Fe-Pd interadias also been modelled by hand-
adjustment starting from the concentration averaged galdéhough the results on phonon
spectrum have good agreement with the experiments, theseeshare purely arbitrary and
thus do not have a robust physical meaning. Moreover, thammorporation of environment
effects has limited its applicability for an arbitrary conaatibn. Hence, we need to find
an alternative modeling strategy for random alloys so thatlbcal environmentféects are
incorporated in the calculated force constants.

Recently a new model to calculate the inter-atomic forcestamts in random alloys has
been proposed by Axel van de Walle and Gerbrand Ceder [114, Based on the idea of
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bond length dependent transferable force constants adifies2nt environment, this model
has all the necessary ingredients to overcome the limitatssociated with the present mod-
eling strategy. We discuss the essential features of tipgaph in the next section.

3.5 Transferable force-constant (TFC) model

The computational burden associated in the computatioaroéfconstant tensors from first
principles electronic structure calculations would beremausly reduced if the force con-
stants determined in one structure could be used to preafice fconstants in another struc-
ture. The idea of using transferable force constants toaedamputational expense is, there-
fore, tremendously appealing and had been applied in thef@agifferent class of systems
[133-136]. However, it was observed in these calculatibas the force-constants obtained
from one structure are not directly transferable to anostercture. Nevertheless, a simple
modification of the transferable force constant approaeldgi substantial improvements in
precision. Initially defined for the transferability of fwe constants for a particular pair type,
between diterent chemical environments [134], van de Walle and Cedez hecently intro-
duced the idea of using bond length dependent transferafile €onstants [116-118]. Their
calculations on a number of systems [53, 57, 116-118] haghted that magnitudes of the
force constants are strongly correlated with the corredpanbond lengths. This suggests
that most of the variation in the fiiness of a given chemical bond acrosSetent structures
can be explained by changes in bond length alone and as & teésuforce constant versus
bond length’ relationships exhibit better transferapititan the force constants themselves.

In the TFC approach, three assumptions are made to obtadetiesd transferable prop-
erties. Only the nearest neighbor interactions are corsideecause the longer ranged force
constants are ill-suited for the purpose. However, no ssergrror is expected to occur due
to this because of the fact that in the alloys consideredditant neighbor force-constants
are orders of magnitude smaller than the nearest-neighies.olrhe bending sthessb are
averaged over various spatial directions in order to olefigctive isotropic bending sthess
and the &-diagonal terms in the force-constant tenéoare constrained to be zero. Thus, the
resulting force-constant tensor has only two independsnig, the stretching sihesss and
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Scheme of Calculations

DFPT for n-structure$

Force constants Vs bond length data

TFC

Fitted to an
analytic function

Transferability relation is used to compute
force constants at arbitrary bond lengths

Force constants for the given composition

ICPA

Structure factors, dispersion
curves, DOS etc.

Ficure 3.10: Scheme of calculations by the DFPT-TFC-ICPA method

the isotropic bending gtnessb:

@, j) =

o O T
o T O
n O O

Here the coordinate system is transformed such that theés is aligned along the direction
connecting atomsand j. This symmetrization ensures that the force constantsr e a
symmetry which is lower than the environment into which itrsnsferred. The force con-
stants generated via the TFC method satisfy two importasiri@nce properties. First, the
TFC tensors are invariant under symmetry operations ofty&al’s space group and second,
the energy change associated with an infinitesimal traosl# zero.
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The TFC model provides a very simplistic and computatignédhsible way to deter-
mine the inter-atomic force constants in random alloys. Tdree constant vs bond length’
relationship can be easily determined first by calculatmgelements of stretching-bending
force-constant tensor for a set of ordered structures soetia@ugh dispersions of fikerent
bond distances are obtained and then by fitting these elert®an analytic function. Once
this is done, the inter-atomic force constants of any otheicgire can be determined solely
from the knowledge of its equilibrium geometry. Previoushis approach had been used to
calculate the vibrational entropies bil,-ordered and disordered phasesAinCu, CuAu,
AuwPd, PdkAu, CisPd andCusPt. In this thesis, we combine the ICPA with the state-of-the-
art first-principles density-functional theory (DFT) bds#ensity functional perturbation the-
ory (DFPT) and the transferable force constant (TFC) magebhstruct a new first-principles
based computational tool to calculate the phonon dispessiodisordered alloys at arbitrary
compositions. We name it as ‘DFPT-TFC-ICPA method. In Bd.0, we present a scheme
of calculations by this method. The applicability of thi®kéor a wide variety systems will
be discussed in the next chapter.

3.6 Summary

In this chapter, we have introduced a new approach to uradetghe influences of inter-
atomic interactions between various pairs of specie in daanbinary alloy on the lattice
dynamics of such systems both qualitatively and quantégtiusing PgdFe, . alloys as an
example case. The modeling of inter-atomic interactiorisased upon the results ab ini-
tio calculations and the intuitive argument about dependehst&eiching and bending force
constants on bond lengths. This strategy has incorporhgedriportant electronic structure
effects which influence the interplay of forces at the microsctgvel and thus provides a
realistic and accurate picture which was absent in the agbrdbased upon construction of
model potentials. The ICPA, on the other hand, has perforthectonfiguration averaging
in a self-consistent way taking into account the disordenttdiations in both mass and force
constants. These issues were not addressed in the modetigloé@proach and hence mod-
eling the random alloy to a mean crystal like one could novgl® the realistic picture of
disordered fluctuations producing significanfteliences with the experimental results which
can only get exaggerated for a system with stronger massoaoel €éonstant disorder like the
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NiPt. Our methodology, a combination of accurateinitio electronic structure tool and an
efficient self-consistent method for configuration averagorgthe other hand, has been able
to systematically investigate the influences of the foraestant fluctuations on the phonon
spectrum and therefore, understand the microscopic ovigime lattice dynamics in Rée;_
alloys. The calculated phonon frequencies and the elastistants agree very well with the
experiments, thus justifying the modeling strategy addpte

In spite of its success in case of the PdFe alloys with highdPdent, the crude approx-
imations involved in our modeling scheme has reduced itiGadplity for random alloys in
general and at arbitrary concentrations. Thus, we havegsexpa combination of density
functional perturbation theory (DFPT) and transferableéoconstant (TFC) model as a new
first-principles based tool which has the ability to calt¢ellanter-atomic force constants for
arbitrary compositions taking into account environmeefedcts.
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Chapter 4

Applications of DFPT-TFC-ICPA method
for binary alloys

4.1 Introduction

Study of phonon excitations in solid€fer interesting perspectives regarding materials prop-
erties and behavior. Useful insight about the ordering bienaphase stability and elastic
properties, to name a few, can be obtained from the phongredi®n relations of solids.
The microscopic understanding of the material propertrebthe novel phenomena in mate-
rials from their lattice dynamics require robust and actaitheoretical tools. In the previous
chapter, we have proposed DFPT-TFC-ICPA as a first-priasiplased method to compute
lattice dynamics in substitutionally disordered alloys. all previous calculations with the
transferable force-constant (TFC) model, the focus haad lmeecalculations of vibrational
entropy contributions in the context of relative stabildf various ordered and disordered
phases [118]. The complete phonon spectra and relatedialgisaperties, like the elastic
constants, were never calculated using this approach. dltabitity of the TFC model can't
be completely satisfactory unless one computes the coeplainon spectra in disordered
phases and at arbitrary compositions. This is because ¢di¢chéehat in cases of calculation of
vibrational entropies or their fierences, the key quantity is the vibrational densitiesaikst
an integrated quantity and therefore, may average outsthoough the integration process.
The phonon frequencies, on the other hand, would reflectrtbesedue to the approximation,
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in a proper way. To this end, we apply the new approach, DHPT-TCPA, to calculate the
phonon spectra and associated properties for a varietylmfsal Starting with a magnetic
type-Il alloy (Fe,Pd;_), we mainly focus on alloys with significant mass and sifedences
among the constituent€ (xAuy_x, CuAu;_x andNiyPt;_,). The reasons for choosing these
alloy systems are explained below.

For validification of our new theoretical approach, we filsbose thd=ePdalloys [137].
There are two reasons to choose the system: first, the se@aitch between the constituents
is not substantial, thus, local relaxations would not hageaificant impact. It is important
for validification of a new methodology that it is first valiea for simpler systems. Second,
FePdis a type-Il alloy. It is a well-known fact that, for type-lllays like theFePtandFePd
where the constituents, inspite of crystallizing iffeient structures in their respective ground
states, form a single solid solution upon alloying. Thesgyalat compositions near the Invar
region exhibit an interplay of magnetism and lattice dynasjiL38, 139]. The computation
and understanding of phonon spectra in these alloys is, tesessary to understand the
microscopic nature of magnetism-phonon interaction isétechnologically important sys-
tems. We, therefore, compute the phonon spectra and etasistants for the magnetic alloy
PdFe;_x with x = 0.96,0.9,0.5 and 028. We compare our results with those obtained from
earlier attempts where the force constants were eitheaebetl empirically [93, 109] or from
model inter-atomic potentials [119, 120] and in the processtry to validate our DFPT-TFC-
ICPA method as a reliable first-principles based methoddtmdating the phonon spectra and
related properties for disordered alloys which takes catkeomicroscopic aspects of various
types of disorder.

Our next applications involve alloys with constituents ingvsignificant size dierences.
There, we try to investigate the influence of size mismatdwéen the components of a
disordered alloy on the phonon dispersions [140]. It is Wwalbwn that on introduction of
defects into a perfect crystal, the volume of the sample gbseven in the low concentration
limit of the impurity. This phenomenon of lattice relaxatis more pronounced in case of size
mismatched alloys. When atoms offérent sizes are constrained to coexist on a lattice, an
atom of larger (smaller) size can experience compresswisile) stress that results in locally
stiffer (softer) regions if it is surrounded with atoms of smallarger) sizes. These local
relaxations produce dispersions in the bond lengths assatwith diferent pairs of chemical
specie in the alloy. Correspondingly, it is expected thatgtifness of a given bond would
also fluctuate depending upon the environment surrounding@hus, for size mismatched
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TasLE 4.1: Properties of Cu, Pd and Au

Cu Pd Au
Atomic number 29 46 79
Atomic mass(amu) 63.55 106.4 196.9
Atomic radius(pm) 128 137 144
Nearest neighbor force-

constants(dyfecm)
1XX 13160 19337 16610
1XY 14880 22423 19930
177 -148% -2832 -665C

2 Reference [141]
b Reference [142]

alloys, three dterent types of disorder: the mass disorder, the force-aohsiisorder and the
environmental disorder; shouldfact the phonon dispersion relations. A significant insight
into the lattice dynamics and related properties in thislaf alloys can only be gained if a
microscopic picture on the role of each of the factdfe@ing the phonon spectra is achieved.

Here, we have chosen Cu-Pd and Cu-Au alloys which satishalioee criteria and are
well suited for our investigation. A brief summary of thelementary properties which are
relevant to our investigations are presented in Table 4.he Mass ratio of Pd to Cu is,
Mpg/Mc=1.674, whereas, that of Au to Cu iMa,/Mc,=3.098. On the other hand, force
constants of Pd are, on an average, 50% larger than those wittlg, the Au force constants
are about 30% larger than those of Cu. These large mass areldonstant ratios between
the various constituent elements make the above alloysipatexamples of strong mass and
force-constant disorder. Neutron scattering experimeetults on the phonon dispersion
relations are available fdCuy715P 285 [143, 144] andCugy 75AWg 25 [145, 146] systems and
thus we have chosen alloys with these compositions for teegmt study. Our motivation is
to understand the features in the phonon dispersion rdsattsd upon analysis of the role of
the mass fluctuations and the fluctuations in the inter-atdorce constants; the later is an
estimation of the stiness of a bond connecting a pair of atoms. This in turn wouidate our
computational technigue for addressing alloys with higlegree of all possible disorders due
to chemical substitution. In the analysis of neutron-sraty experimental results on phonon
dispersions, the experimentally obtained normal modeutegies are routinely fitted to a
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Born-Von-Karman model and the inter-atomic force constamé thus extracted. However,
this approach never provides a correct picture of the coxipterplay of inter-atomic forces
in a disordered alloy because the model assumes an avettige &nd thus neglects any
fluctuations due to the presence of specie witffiedent chemical properties. In this work,
we systematically show that the phonon spectra need to berstodd in the light of these
fluctuations. Our results also show that the consideratiathe local lattice relaxations is
necessary in these systems. Although we get excellentragraewith the experiments for
Cuy715P 285, our results significantly dier with the experiments in case Gty 7sAuy 25. We
explain the reasons behind the discrepancy in the lighteirtter-atomic force constants and
thus provide a physically reasonable picture of the miaspgcsituation in this system.

Finally, we focus orNiPt alloys [147]. These alloys have received considerablattie
over the past few decades because of the immense techradlogportance associated with
these systems. There have been numerous investigationsobhahe experimental [148—
150] and on the theoretical [151-153] front with the focustlo® ordering tendency and the
magnetism in these alloys. Atomic ordering at 3:1 and 1:1muositions indicate influence
of short range ordering [154]. The long-range ordering om dther hand has been found
to influence the magnetism [152] in these alloys signifiganthich has been attributed to
the complex nature of electronic structure in these systefise crucial yet less explored
aspect in these systems is the lattice dynamical behav&NT;Pt;_ alloys possess several
advantages regarding the investigation of lattice dynanficst, Ni and Pt form a continuous
series of FCC solid solutions [154], thereby, making it ploiesto study the variation of
phonons in the whole concentration range, second, the ngghints of these alloys are
nearly constant over a wide range of concentrations whicimméhat the homogeneous single
crystals can be grown at nearly any concentration withonezmelting &ects, making the
system attractive for experimental study, third, the phoexcitations of elemental Ni and Pt
metals have been well characterized both experimentatlyteaoretically [38, 141, 155]. The
results show that the nearest-neighbor atomic force cotsstd Pt are roughly 55% larger than
those of Ni, making the alloy system an ideal candidate tdysthe dfect of force constant
differences on the phonon dispersion relations and fourthatge mass and size ratio on top
of large force constant ratio between the alloy constitsisngggest that upon alloying, novel
composition dependent features in the phonon spectra cabdsved. A brief summary of
the relevant elementary properties of the constituentsgsgmted in Table 4.2.
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TasLE 4.2: Properties of Ni and Pt

Ni Pt
Atomic number 28 78
Atomic mass(amu) 58.71 195.09
Atomic radius(pm) 124 139
Nearest neighbor force-

constants(dyfctm)
1XX 17319 2635&
1XY 19100* 30317
1727 -436  -7040°

2 Reference [155]
b Reference [141]

Tsunodaet al. [73, 156] carried out neutron-scattering experiments testigate the
phonon spectra in this alloy system for the entire concéntraange for the first time. They
observed the following noteworthy features: first, anomalgumps in frequencies for all
phonon propagation directions which they attributed toukeal resonance modes of heavy
Pt atoms in light Ni matrix. However, a resonance-like betiaswas observed for NbsPty 75,

a system with larger concentration of the heavier constitugnere an impurity mode due to
Ni was supposed to be observed; second, a branch dependetheeresonance frequency
was observed. In order to explain these anomalies, they stadghe phonon spectra by
the CPA [72] which was unable to reproduce many featuregrobd in experiments, qual-
itatively as well as quantitatively. For example, the topda&dge frequencies computed by
the CPA were significantly larger than the experimental arebsthe vibrational densities of
states computed by the CPA even predicted a split-band meHawconcentrated alloys. The
authors concluded that these disagreements are due téfdlogseof force-constant disorder
which was not addressed in the CPA. Here, we explore the @sanghe phonon spectra of
NixPt,_ alloys with the change in concentraticrover the entire concentration range. The
motivation is twofold: first, to understand the anomalowstdiees in the phonon spectra and
their variations with compositions observed experimdyptahd second, in doing so, to test
the accuracy of the newly developed first-principles basethod when applied to an alloy
with substantial mass and size ratio among the constitdenssy arbitrary composition.

In the next section, we briefly present the computationaitsetThe subsequent section
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contains results and thorough discussions including exyertal results as well as results
obtained from previous theoretical work. Summary of thaultssalong with the concluding
remarks are presented in section 4.4.

4.2 Computational Details

First-principles Quantum-Espresso code [124], based wpéhane wave Pseudopotential
implementation of the DFPT [112], has been used to compwddite constants at dif-
ferent bond lengths with fferent ordered structures, the details of which are destribe
Figs. 4.1, 4.8, 4.12 and 4.20. Ultra-soft pseudo-potenfiE25] with nonlinear core correc-
tions [126] are used. While Perdew-Zunger parametrizadiotme local density approxima-
tion (LDA) [127] is used foiFe,Pd;_ alloys, Perdew-Burke-Ernzerhof (PBE-96) generalized
gradient approximation (GGA) [128] functional is used fest of the alloys, for the exchange-
correlation part of the potential. Plane waves with enexrgie to 55 Ry are used in order to
describe electron wave functions and Fourier componentee@fiugmented charge density
with cutaf energy up to 650 Ry are taken into account. The Brillouinezoriegrations are
carried out with Methfessel-Paxton smearing [129] using»@l#x14k-point mesh. The value
of the smearing parameter is 0.02 Ry. These parametersiard fo yield phonon frequencies
converged to within 5 percent.

After achieving the desired level of convergence for thectetmic structure, the force
constants are conveniently computed in reciprocal spagedb@x4qg-point grid and Fourier
transformation is employed to obtain the real space foraestamts. The resulting force-
constants versus bond distances data for each chemicaibtreh fitted using a linear rela-
tionship according to the TFC model:

s(l)
b(l)

So+s1(l—1lo) (4.1)
bo + bl (| - |0) (42)

(1), b(l) are the stretching and bending components of the forcetaahtensor respectively
[116], lo is the equilibrium length of a particular bond asgl by are the stretching and the
bending components of the tiess (force-constant) of the bond at the equilibrium length
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respectively. Once the transferability relation is ob&ginthe inter-atomic force constants of
any other structure can be determined solely from the kndgdef its equilibrium geometry.

The all-important configuration averaging is then perfodrbg employing the ICPA method.
The disorder in the force constants were considered foreséarighboring shell only and the
calculations were done on 400 energy points. A small imagifraquency part of -0.05 was
used in the Green'’s functions. The Brillouin-zone integratvas done over 35-points in
the irreducible Brillouin zone. The simplest linear-migiacheme was used to accelerate the
convergence, with the number of iterations ranged from 55téot all the calculations. The
phonon frequencies and the disorder-induced widths aeeradd, respectively, from the peaks
and from the widths of the coherent scattering structurtofaas defined in Eq. 2.3. Also, the
vibrational densities of states are calculated from thegimay part of the configuration-
averaged mass-weighted Green'’s function through Eqs.rigi2%.

4.3 Results and Discussion

4.3.1 PdFe;_4for x=0.96,0.9,0.5and 0.28

Neutron-scattering results on phonon spectraRdsosF €04, PthoFey1 [123], PdysFeys
[157] andPdy28F ey 72 [139] for all three symmetry directions are available alomigh the
results on elastic constants. However, the measuremenésdoee at dierent experimental
conditions. While the measurements foe= 0.96,0.9 and 028 (x is the Pd concentration)
were done at room temperatures, the measurementsfd.5 were done at 1020 K. Accord-
ingly, we discuss our results in two separate subsections.

4.3.1.1 PdgsFepos, PdyoFeys and Pdy2sFen 72

The stretching and bending force constants for the allohathree concentrations are ex-
tracted from the fitted ‘bond dtness versus bond distance’ relations as shown in Fig. 4.1.
The curves in Fig. 4.1 show that the linear fitting is appraiaifor the present case as the
monotonic decrease of the force constants with the inargdsand distances is well captured
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Ficure 4.1: Nearest neighbor stretching and bending force cotsstanPdsFe; 4 as a func-

tion of bond length. The solid lines are the fitted functiorfseeveas the circles correspond to

data obtained fronab initio calculations on one of a set of structuréd4 at four diferent
volumes,L1, at two diferent volumes, FCC Fe and FCC Pd at threéBedént volumes).

for all three pairs of inter-atomic force constants. The pated values of correlation cfie
cient for the straight line fitting of stretching componeots$he force constant matrices varies
between 0.83 and 0.99 which can be considered to be a veryfifjodte fit accuracy for the
bending components is, however, a bit low with the calcdlai@rrelation cofficient varies
between 0.74 and 0.97. But still, one can safely ignore tbist@s the bending components
of force constant matrices are orders of magnitude sméiéer the stretching components and
therefore, play minimal role in determining the phonon freqgcies. The stretching and bend-
ing force constants for the three concentrations obtairad the fitted results are presented
in Table 4.3. The results show that for high Pd concentragistems, namely fox = 0.96
and Q9, the Fe-Fe and Fe-Pd force constants are softer by an draeagnitude than that
of the Pd-Pd ones, with the Fe-Pd force constants being firesto This is only to be ex-
pected because of the following reason: in a Pd-rich alkeg tihe ones discussed here, the Fe
atoms would find lesser numbers of Fe atoms in the neareghinei environment compared
to that of the elemental Fe. As a result, the Fe-Fe and FetBiations would be much softer
compared to the Pd-Pd ones due to the overwhelming dommetitne later pair in the envi-
ronment. In the previous chapter, we tried to model the tatemic force constants for these
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TasLe 4.3: Computed force constants (in unitsdgh/cm) for PdyFe;_ using the TFC model.
Results from other calculations are also presented for eoisgn.

Pair | Conc.| Bond length| s b S b
type x) (a.u.) (TFC) | (TFC) | (Other work) | (Other work)
Fe-Fe| 0.96 5.189 8990 | -930 13366 -566
Pd-Pd| 0.96 5.189 45641 | -2783 45925 -2424
Fe-Pd| 0.96 5.189 4720 | 432 35698 -1879
Fe-Fe| 0.90 5.170 10202| -1020 14495 -609
Pd-Pd| 0.90 5.170 49404 | -3073 48768 -2699%
Fe-Pd| 0.90 5.170 7718 | 206 36272 -1992

Fe-Fe| 0.28 5.019 20157 -1760 - -
Pd-Pd| 0.28 5.019 80323 | -5457 — -
Fe-Pd| 0.28 5.019 32345| -1655 - -

Fe-Fe| 0.50 5.12 13573| -1271 - -
Pd-Pd| 0.50 5.12 59874 | -3880 - =
Fe-Pd| 0.50 5.12 16057 -424 - -

Fe-Fe| 0.50 5.246 5230 | -651 15400 -4100
Pd-Pd| 0.50 5.246 33983| -1883 41800 -2900
Fe-Pd| 0.50 5.07 24136 -1035 30600 -2500

a Chapter 3 of this thesis and Reference [109]
b Reference [107]

two systems by calculating the Pd-Pd and Fe-Fe force casstapure Pd and Fe lattices
respectively with the alloy lattice constant while the Febifteraction was modelled by hand-
adjustment starting from the concentration averaged galdéhough the results on phonon
spectrum had good agreement with the experiments, theseesheere purely arbitrary and
neglecting the environmenffects limited it's applicability for an arbitrary concentii@. On
the other hand, the TFC based approach capturedfe®of environment and thus leads to
the correct understanding of the relative nature of intéoas between dierent specie pair. A
comparison on the force-constants obtained from the TFGaraodl those from the modeling
scheme presented in the previous chapter (Table 4.3) stathéhPd-Pd force constants have
near perfect agreement while the Fe-Fe force constantgeltdy the modeling scheme of
previous chapter, are slightly §&r. This definitely is an artifact of neglecting the role of
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Ficure 4.2: Dispersion curves (frequeney vs reduced wave vectaf) ; ¢ = ﬂ,q’the

. . . . qma
phonon wave-vector; faPdy g6F €p,04 Calculated in the ICPA (solid lines) with the >?orce con-
stants obtained at the alloy bond length (5.189 a.u.) udmgd stifhess vs bond length’
method. The circles are the experimental data.

environment. In case of Fe-Pd force constants, we see ad#fgeence. This is only to be
expected as in the case of the modeling scheme of previopseshthe force constants were
obtained by adjusting from concentration-averaged vabasgd upon empirical observations
and thus didn’t have a robust physical reasoning. On ther ¢tdwed, the Fe-Pd interactions
obtained by the TFC model have better reliability and acopi@ecause it is based upon the
physical reality of transferability of the bond tiess versus bond length relationship.

In the case oPdy2gF €72, the force constants obtained from the transferabilitstieh as
presented in Table 4.3 show hardening of all three intematdorce constants in comparison
to Pd-rich alloys. This behavior follows the expectatiomc® the bond distances are smaller
than the Pd-rich alloys, all three bonds were expectedfiestiThe Fe-Fe interactions harden
because the Fe atoms can now find more Fe atoms in the neiggleoriironment. The Pd-Pd
bonds stifen because of the fact that the larger Pd atoms find themsalaesage of smaller
Fe atoms and the Fe-Pd interactions harden because of peeskemore unlike pairs in the
nearest-neighbor environment.
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phonon wave-vector; foPdygFep calculated in the ICPA (solid lines) with the force con-
stants obtained at the alloy bond length (5.17 a.u.) usiogdbstithess vs bond length’
method. The circles are the experimental data.

In what follows, we use the transferable force constantsabfd 4.3 as inputs to the ICPA
and calculate the phonon dispersion relations for the thileys. The phonon dispersion
results forPdyosF€ep04, PthoFey1 and PdysF €572 calculated with these sets of force con-
stants are presented in Figs. 4.2, 4.3 and 4.4, respectivalgn be seen that calculated and
experimental results of phonon frequencies Rak osF €04 and PdygF ey alloys are in ex-
cellent agreement for all the symmetry directions. Thewaked phonon frequencies of the
Pdy2sF ey 72 alloy also agree reasonably well with experimental valuespt near the zone
edges. This disagreement could be because of using the LDAeasxchange-correlation
functional at the experimental lattice constant for a le&-8ystem. Earlier calculations with
pure Fe [158] had shown that the calculated frequenciesraterastimated if one uses the
LDA at the experimental lattice constant which is largemtithe LDA equilibrium lattice
constant. Another noteworthy feature in the dispersionesiforPd, zgF €72 is that, near the
zone edge, a splitting in the dispersion curves is obsenveta longitudinal branch along
the [¢,¢,¢] direction. This kind of splitting in the dispersion curvesa typical feature of
strong force constant disorder and is seen in the past foe sther alloys too [91]. However,
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Ficure 4.4: Dispersion curves (frequeney vs reduced wave vectaf) ; ¢ = ﬂ,q’the

. . . . qma
phonon wave-vector; faPdy 2gF €72 calculated in the ICPA (solid lines) with the #orce con-
stants obtained at the alloy bond length (5.019 a.u.) udmgd stifthess vs bond length’
method. The circles are the experimental data.

experimental data for high wavevectors are not availabledafirmation.

The overall results, therefore, show that the phonon fraqs calculated by a combina-
tion of the TFC model and the ICPA agree well with the expentakresults for both Pd-rich
and Fe-rich alloys. To further validate the approach, we@néresults for elastic constants in
Table 4.4. A comparison with the experimental results andeaulier calculations with em-
pirical force constants is also done. The results show arativeprovement of all the elastic
constants calculated in the present approach as compateslapproach with empirical force
constants foPdy o6F €504 andPdygF &y 1. The calculated elastic constants Rk, .gFey72 have
excellent agreement with experimental results as well.

The systenPd,sF ey s needs separate attention from the point of view of comparsiween

experimental and theoretical results. This is becauseefabt that, unlike the other sys-
tems considered so far, neutron-scattering measuremeritsosystem were done at a high
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Ficure 4.5: Dispersion curves (frequeney vs reduced wave vectaf) ; ¢ = a4 g the
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phonon wave-vector; faPdy soF €50 calculated in the ICPA (solid lines) with the force con-

stants obtained at tHely bond length at 860 K(5.25 a.u. for Fe-Fe and Pd-Pd and 5.07 a.u
for Fe-Pd) using ‘bond dfiness vs bond length’ method. The circles are the experihenta
data.

Taste 4.4: Computed elastic constants (in units of Mbar)RPokFe;_.

System Elastic TFC Other method Expt.

constant [123, 139]
Cu1 2.17 1.97 2.3
PnggFQ).o;; C12 1.62 1.25 1.53
Cua 1.09 1.26 0.78
Cu1 2.12 2.24 2.29
PCbgoFeo'lo C12 1.59 1.41 1.65
Cus 1.05 1.12 0.86
Cu1 1.50 - 1.40+ 0.20
Pdo2sF&72  Crz 113 - 1.34+0.18
Cus 0.75 - 0.80+ 0.02

T Modeling scheme of chapter 3 of this thesis and Referenc@ [10
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Ficure 4.6: Partial and total structure factors calculated by tBEA for various/ values in

the [£,0,0] direction inPdy 50F €y 50 Using the force constants extracted at the disordered alloy

bond length (5.12 a.u.). The black lines are the total coutions, the red lines are the Fe-Fe

contributions, the blue lines are the Pd-Pd contributiamd the magenta lines are the Fe-Pd
contributions. All the curves are for longitudinal modes.

temperature. It would, therefore, be interesting to see faswthe present TFC model can
address the complex interplay of inter-atomic forces betwearious species pairs since the
construction of the TFC model did not take care of tempeesdfliects. As is done in the cases
for the alloys at other compositions, we calculate the pndrequencies by the ICPA using
the force constants extracted at the disordered alloy bengith (5.12 a.u.). To understand
the contributions of each pair of species towards the nomwldes, we look into the partial
and the average structure factors. In Fig 4.6, we preseulisdsr the structure factors along
[£,0,0] direction and for the longitudinal branch at some celé/ values. No anomalous
behavior is observed for low and medium wavevectors for Wwisingle distinct peaks in the
structure factors are observed. However, for [0.8,0,0] dditeonal peak begins to appear
which is clearly visible at [1,0,0]. This, in turn, meanstti@ere would be existence of a split
branch along the particular direction in the frequency sp@ce. The partial structure factors
show that the spurious high frequency peak is due to the PohiPgl and to a smaller extent
due to Fe-Pd pairs. As is mentioned already, the splittinthefhigh frequency branch is a
typical feature of strong force constant disorder and hanbeported for some alloys. To
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Ficure 4.7: Partial and total structure factors calculated by ®BA for/ = 1 in the [,0,0]

direction in Pdy50Fep 50 With force constants extracted at théy bond lengths. The black

lines are the total contributions, the red lines are the E&dntributions, the blue lines are

the Pd-Pd contributions and the magenta lines are the FexRdhutions. All the curves are
for longitudinal modes.

understand its origin, we look at the force constants fromldd.3. It is observed that the
Fe-Fe and Fe-Pd force constant§eli significantly from Pd-Pd force constants, thereby rep-
resenting a situation of very strong disorder. We can, fioeee conclude that the strong force
constant disorder causes the splitting of the high frequémanch. Since the experimental
results [157] do not show any such splitting, these forcestaoits do not represent the correct
picture of the microscopic interactions Rt soF €y 50.

In [157], neutron-scattering experiments were done onredlel, FePd at room temper-
ature and at a temperature close to the order-disorderiti@nsThe force constants in the
L1, structures at those temperatures were also extracted inyg fitte measured frequencies
to a Born-Von Karman model. In [107], the experimental focomstants folL1, structure
at 860 K, a temperature close to the order-disorder tramstemperature 950 K, were used
as the disordered alloy force-constants in the ICPA calmra and the results obtained were
in excellent agreement with the experimental observatitinsas, therefore, argued that the
force constants at 860 K correctly represent the ones of idedered alloy because of the
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fact that, near the order-disorder transition temperatine ordered and disordered states are
expected to be in perfect equilibrium, with the disorder&atespossessing short-range or-
der. To see whether this was indeed the case, we next usetér@iomic bond distances
of various pairs in thé 1, structure at 860K to extract the fitted force constants. Hselts
along with the ones used in [107] are presented in Table 4.& dbserved that the Fe-Fe
and Pd-Pd bonds soften in comparison to the ones at disdrddoy bond distances, with
the Pd-Pd being mostiyffected. The Fe-Pd bonds harden because of the shortening of th
corresponding bond distances. However, all the bonds grefisantly softer than the ones
in [107]. To see whether the fitting to thely bond distances get rid of the spurious peak
in the structure factors of Fig. 4.6 and thus wash away thé-jgpbk behavior, we plot the
structure factors for the [1 0 0] longitudinal branch in Fg7. Unlike the previous structure
factors (Fig. 4.6), no dual peak structures appear in tres.céhe single high frequency peak
is now mostly because of the Fe-Pd contribution; the Fe-BePalklPd contributions only add
more weights to the single peak. This signifies that Pd-Pdribomions were overestimated
whereas the Fe-Pd contributions were grossly underestahiat the calculations at the dis-
ordered bond length. The corresponding dispersion curkepi@sented in Fig. 4.5. The
results suggest that the consideration ofltlhgbond distances produce the correct qualitative
features as we do not see any peak splitting. Thus, the sesplbsteriorivalidate the ap-
proximation with reference to inter-atomic force conssaint[107]. However, the qualitative
agreement with the experimental results is far from sattsfy. The calculated frequencies
are significantly underestimated in this case. This is agedfle of overall softening of the
force constants as discussed above. The reason for thisaestideation could be because
of the non-incorporation of any temperatur@eet in the fitting model. This incorporation,
however, is a non-trivial task and is beyond the scope of thegnt context.

4.3.2 Cu715Pdo 285 and Cug 75AUQ 25

We discuss our results dDug715Pdh 285 and Cug 75ALg 25 In two different subsections. Our
calculations of the phonon dispersion relations are coatpaith the available experimental
results. The interpretation of our results and the agreeiftkscrepancy) with experimental
results are done with the help of the coherent scatteringtstre factors.
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TasLe 4.5 Computed stretchingsand bendinglf) force constants, in units afyn/cm for
Cuy.715Ph 285 Using ‘bond stithess vs bond length’ approach.

Pair type Bond length S b
(au)

Cu-Cd 4.9695 24610.62 -1312.64
Pd-Pd 4.9695 67824.28 -2511.19
Cu-Pd 4.9695 43582.46 -1803.09
Cu-CW 4,989 23981.67 -1289.29
Pd-Pd& 5.10 58285.63 -2372.90
Cu-P& 5.037 37793.93 -1528.49

a8 No relaxation is considered

b Relaxation is incorporated

4.3.2.1 Cuy715Pdo2ss

In Fig. 4.8, we present the stretching (s) and bending (b)pmrants of the nearest neighbor
force constant tensors for CuPd systems as a function of lemydh. The figure illustrates
that the linear fitting is appropriate for the present casg@@snonotonic decrease of the force
constants with the increasing bond distances is well cagttar all three pairs of inter-atomic
force constants. The computed values of correlatiorifments for the straight line fitting of
stretching components of the force constant tensors vae®geen 0.96 to 0.98 which shows
the fit to be very good. The fit accuracy for the bending comptsis, however, a bit low with
the calculated correlation cfigient varying between 0.65 to 0.87. This, however, is accept
able, as the bending components of force constant matrreesrder of magnitude smaller
than the stretching components and therefore, play miniatalin afecting the results. The
stretching and bending force constants for the alloy&4Pd)2g5 at its experimental bond
length, obtained from the fitted results, are presented IoheTd.5. The results show that the
Cu-Cu and the Cu-Pd force constants are much softer thamtiia¢ Pd-Pd ones, with the
Cu-Cu force constants being the softest. This is only to Ipeeted as the equilibrium Pd-Pd
bond-length in pure Pd (5.32 a.u.) is significantly largartkthat in this alloy, thus making the
Pd-Pd bonds dtier than the other kinds in the alloy environment where thewa available
for the Pd atoms is much less compared to pure Pd.

In what follows, we use the transferable force constantsabfd 4.5 as inputs to the ICPA
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Ficure 4.8: Nearest neighbor stretching) @nd bendinglf) force constants fa€uyPd;_4 as a

function of bond length. The solid lines are the fitted fuoes whereas the circles correspond

to data obtained frorab initio calculations on one of a set of structuréd{ at four diferent
volumes,L1 at two diferent volumes, FCC Cu and FCC Pd at twfiatient volumes).

and calculate the phonon dispersion curves for the alloglwhre presented in the top panel
of Fig 4.9. It can be seen that the calculated and experirheggalts of phonon frequencies
agree reasonably well except near the zone edges wherewefi@gshift in the dispersion
curves is observed in the longitudinal branches along allsymmetry directions. This is
a typical resonance-like behavior at around= 6.65 THz associated with a large density
of states contributed by the Pd atoms. This kind of frequesiift in the dispersion curves,
which is altogether absent in the experimental resultsnegely associated with a very strong
force constant disorder and is seen in the past for some atlogs too (for example, Ni-Pt
alloy [156]). To find out whether the disorder in the force stamts is the possible reason
for this anomalous frequency shift obtained from our catohs, we look into the partial
and the total structure factors and try to understand thé&ribomions of each pair of species
towards the normal modes. In Fig 4.10, we present resultshiistructure factors along
[£,0,0] direction and for the longitudinal branch at some celé/ values. No anomalous
behavior is observed for wave vectors up/ted.7 with a single distinct peak in the structure
factors. However, near [0.75,0,0], the peaks due to Cu-RdPakPd tend to shift towards
higher frequency region, whereas, the Cu-Cu peak remadtis sit a lower frequency. This
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Ficure 4.9: Dispersion curves (frequenayvs reduced wave vectaf) ; ¢ = ﬂ,d the

. - [Gmax
phonon wave-vector; fa€ uy 715Pdy 285 calculated in the ICPA (solid lines). The upper panel

corresponds to the results obtained with the force corstaritacted at the alloy bond length

(4.9695 a.u.) using ‘bond siiness vs bond length’ method while the lower panel correspond

to the results obtained with the force constants extractébdearelaxed bond lengths (men-
tioned in Table 4.5) using the same method. The circles aexperimental data.

in turn increases the phonon line width and the line becomaduglly asymmetric in shape.
This scenario is portrayed more clearly in the structurédiacfor [0.80,0,0] and [0.90,0,0]
where the peak position of the phonon line is shifted to a lighuency value with a small
shoulder remaining in the low frequency side which is ehtitkie to the contribution from
the Cu-Cu pair. This behavior must be responsible for thepjimfrequency in the phonon
dispersion curves near the zone boundary. It can be statkibicontext that the peak position
at high wave vectors is dominated by Cu-Pd pair with somerdarion from Pd-Pd pair
which indicates that Cu-Pd and Pd-Pd force constants arestu@ated in the present case
leading to the anomalous splitting in the dispersion curtAEnce, these set of force constants
do not depict the correct nature of bondfstess’s in this alloy. This spuriousfect was earlier
observed in case of Fe-Pd alloys where an erroneous estimadtinter-atomic force constants
in random environment led to anomalous splitting of phon@mbhes and the origin of such
anomaly could be understood based upon an analysis of Ipantiatotal structure factors
[107, 109].

TH-1087_06612102



86 Chapter 4. Applications of DFPT-TFC-ICPA method for binatpys

— o [.60,0,0]L [.75,0,0]L

[.65,0,0]L [.80,0,0]L

[.70,0,0]L [.90,0,0]L

Structure factors (Arbitrary scale)

\
0 2 4 6 80

v (TH2)

Ficure 4.10: Partial and total structure factors calculated byl@feA for various values in

the [£,0,0] direction inCuy 715Pdy 285 with force constants calculated at the alloy bond length.

The black lines are the total contributions, the red linesthe Cu-Cu contributions, the blue

lines are the Pd-Pd contributions and the magenta lineshar€u-Pd contributions. All the
curves are for longitudinal modes.

As already discussed, the size mismatch of the constituentents should have a sig-
nificant dfect on the vibrational properties of an alloy. As the allop&mxds (or contracts)
locally on introduction of disorder into the system, theg#s of all chemical bonds decrease
(or increase) fiecting the sftness’s of the corresponding bonds. g 715Pdy2gs, it can
be observed from Table 4.1 that there is notable sifierdince between Cu and Pd in their
elemental phases. Therefore, using the force constangdlfibree types of bonds at the ex-
perimental bond length of the alloy, we have neglected thalleelaxations around atoms of
different sizes forcing over-siening of the bonds involved with larger Pd-atoms. Thus, to
address the real nature of microscopic interactions amarigus pairs of species in the alloy,
it is essential to incorporate the lattice relaxatidfeets into our scheme of calculations. In
this regard, Mousseau and Thrope had performed a study [rb®pnd length distribution
associated with a pair of chemical specie with compositiona number of FCC based binary
metallic alloys which include@u,Pd;_4 as well. It had been observed by the authors of Ref-
erence [159] that in our coveted alloy, the nearest neighbad distances betweenfidirent
pairs of species dlier a lot from the average or mean bond distance. We have dstirttee
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Ficure 4.11: Partial and total structure factors calculated byl@IA for various¢ values

in the [£,0,0] direction inCuy 715Pdh 285 With force constants calculated at the relaxed bond

lengths. The black lines are the total contributions, thiklirees are the Cu-Cu contributions,

the blue lines are the Pd-Pd contributions and the magerea &re the Cu-Pd contributions.
All the curves are for longitudinal modes.

relative variation of bond lengths for each pair with regge¢he mean distance as mentioned
in the paper and introduced the same in our calculation. Hwenelaxed bond lengths are
being worked out by incorporating the same relative chamggser the above scheme to our
computed mean distance which is about 5.0277 a.u.. Theeellaand-lengths and the cor-
responding force constants are presented in Table 4.5 fapaason. It is observed that the
bond lengths involving the larger Pd atoms are larger thamttlerage bond length while there
is a contraction of the lattice in the neighborhood invofv@u atoms only. Consequently, the
Cu-Pd and Pd-Pd force constants reduce by a significant @arnompared to the un-relaxed
lattice force constants while the Cu-Cu ones remain almoattered because of very min-
imal change in Cu-Cu bond distances with respect to the laxed lattice. This indicates
that on incorporation of lattice relaxation into our caltibn, the Cu-Pd and Pd-Pd inter-
actions soften noticeably. To see whether this relaxateis gd of the spurious frequency
shift in the phonon dispersion curves, we plot the dispersiaves with the new set of force
constants in the bottom panel of Fig 4.9 and the correspgrstinicture factors in Fig 4.11.
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Ficure 4.12: Nearest neighbor stretching @nd bendingIf) force constants fo€ ucAuy_

as a function of bond length. The solid lines are the fitteccfioms whereas the circles

correspond to data obtained froab initio calculations on one of a set of structuréd4 at

four different volumes| 1y at two diferent volumes, FCC Cu and FCC Au at twdreient
volumes).

The results of phonon frequencies in the bottom panel of Fgsthiow that the shift in fre-
guency as observed in the previous case in the top panel sfthe figure has disappeared
completely and an excellent agreement between the thealraind the experimental results
is obtained. To understand the reason, we look into thegbatid total structure factors for
the longitudinal branch alongdJ0,0] direction in Fig 4.11. Here, no sudden shift in the peak
position is observed arount-0.75 because the peaks in the structure factors from akthre
pairs of species occur at the same frequency, unlike thevaéis¢he un-relaxed lattice where
the over-stifening of the bonds involving Pd atoms shifted the contrimgifrom Cu-Pd and
Pd-Pd pairs towards higher frequencies. Hence, we conthad@part from the mass and the
force-constant disorders, the local lattice relaxatiod #iwus the environmentalfects play

an important role in th€u,Pd,_ alloy and one must consider it in an appropriate manner to
understand the lattice dynamics of the system properly.fiféteprinciples based TFC-ICPA
model has, thus, been successful in not only obtaining therate dispersion relations but
also in interpreting the microscopic picture leading to it.
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Ficure 4.13: Dispersion curves (frequeneyvs reduced wave vectaf) ; ¢ = c_f'i,q’the

phonon wave-vector; fo€ Uy 75Alp 25 calculated in the ICPA (solid lines) with thga#orce con-

stants obtained at the alloy bond length (5.0098 a.u.) ubioigd stifthess vs bond length’
method. The circles are the experimental data.

4.3.2.2 Clé.75AUo.25

Next, we discuss the Cu-Au alloy where several experimeartidltheoretical investigations
[160-162] in the low concentration limits of Au have beenaeed. Previous studies on this
system revealed that the lattice constant changes suiadiiantith changes in compositions
which implies a variation in the inter-atomic force consgtagven between the like atoms in the
alloy environment with respect to the pure elements. Torbegth, we present in Fig. 4.12,
the stretching (s) and bending (b) components of the neaegghbor force constant tensors
for CuAu as a function of bond length. As was the case with th@d; the linear fitting
is found to be appropriate for the present case. The stregcdnd bending components of
the force constant tensors for the allGyy 7sAlg 25 at its experimental bond length obtained
from the fitted results are presented in Table 4.6. The Au@kod constants are about 300%
larger in magnitude than that of the Cu-Cu ones, whereasCthAu ones are on an average
100% larger than the corresponding Cu-Cu force constankss rfEpresents a situation of
huge mass and force constant disorder and one should atécpnificant fect of these
disorders on the phonon dispersion curves. The hufferdnces in the magnitude of force
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constants must be an artifact of forcing the larger Au atamastrate in a lattice much smaller
compared to the equilibrium lattice of Au in its elementabpl (bond lengtb.58 a.u.). As

a result of this, Au-Au bonds get fiier. The Cu-Cu bond giness, on the other hand, do not
differ significantly from that found i€ uy7:5Pdy 285 because of the comparable Cu-Cu bond
lengths in both cases. The phonon dispersion curve for tbg sl presented in Fig. 4.13. A
resonance behaviour is observed arournd2.9 THz for all the branches except thed,(]T
branch. In addition to that a secondary resonance is obs$areeinds = 6.65 THz only along
the longitudinal branch for all the symmetry directions.isTkind of secondary resonance is
previously observed iNiPt; 4, characterized by a high density of phonon states near the
resonance frequency, and for the similar concentratioa cdtlarger and smaller atom [156].
However, the experimental results available for the preaboy do not show any signature
of resonance like behavior. This is somewhat puzzling asthgs and size ratio between the
constituent elements iNi,Pt;_, is almost identical as that @u,Au,_4 alloy and hence, one
should expect similar qualitative features in both theyaloTo find out the possible reasons
of the discrepancy between the theoretical and the expataheesults, we investigate the
partial and the total structure factors and analyze theplalged by each specie pair towards
the normal modes. In Fig. 4.14, we present the structurefador the longitudinal branch
at some relevant reduced wave vectors alafg,0] direction. The left panel of the figure
shows that at'=0.25, the contributions to the structure factor from vilwas of all three
pairs of atoms occur at same frequency, while at arof#@.3 where the first resonance
occurs, the contributions from the Cu-Cu pairs to the stmecfactor start to shift towards
higher frequencies compared to the Au-Au and Cu-Au onesgllye increasing the phonon
line width and producing asymmetric line shapes. At highavevvectors, we again see a
resonance-like behaviour as a result of strong force-emistisorder. The right panel of
Fig. 4.14 suggests that for wave vectors beyoad. 75, significant contributions from Cu-Au
and Au-Au pairs start to build up at frequencies higher thasé where the vibrations from
Cu-Cu pairs contribute. This moves the phonon peak posiabhigher frequencies as can be
clearly be seen by comparing the structure factors=8t 75 and at=0.80. This demonstrates
the fact that the overestimations of the Cu-Au and the Au-@wad constants are responsible
for this splitting of the dispersion curves at higher fregcies and hence, the force constants
extracted at the experimental bond length of the alloy doreptesent the correct nature of
inter-atomic interactions in this alloy.

There is significant mass and sizdéfdience between Cu and Au atoms with the latter
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TasLE 4.6: Computed force constants, in unitsdyin/cm for Cuy 75AUp 25 using ‘bond stit-
ness vs bond length’ approach.

Ficure 4.14: Partial and total structure factors calculated byi@feA for various values in

Structure factors (Arbitrary scale)

Pair type Bond length S b
(au)
Cu-Ci 5.0098 22486.36 -1537.38
Au-Au? 5.0098 96460.75 -7788.05
Cu-Al® 5.0098 45481.08 -3651.43
Cu-C 5.0065 22639.54 -1537.81
Au-AuP 5.2523 66595.32 -6844.91
Cu-AlP 5.0788 40107.48 -3546.24
Cu-Cu(Expt) - 34890.00 -3060.00
Au-Au(Expt) - 34890.00 -3060.006
Cu-Au(Expt) - 34890.00 -3060.00
a8 No relaxation is considered
b Relaxation is incorporated
¢ Reference [146]
[.25,0,0]L — w1 | [75,0,01L
— Cu-Cu
— Au-Au
— Cu-Au
[.30,0,0]L [.80,0,0]L
[.35,0,0]L [.90,0,0]L
L t———T \
2 4 6
Vv (THz)

the |£,0,0] direction inCuy 75AUg 25 With force constants calculated at the alloy bond length.
The black lines are the total contributions, the red linesthe Cu-Cu contributions, the blue

lines are the Au-Au contributions and the magenta linestegeCtu-Au contributions. All the
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Ficure 4.15: Dispersion curves (frequeneyvs reduced wave vecta) ; ¢ = q'i,q’the

phonon wave-vector; fo€ uy 75AlWp 25 calculated in the ICPA (solid lines) with thga#orce con-

stants obtained at the new relaxed bond lengths (mentionEabie 4.6) using ‘bond sthess
vs bond length’ method. The circles are the experimental.dat

being the heavier and larger of the two as can be seen frone Bl This would most
obviously result in an enhanced overlap of the heavy Au ataitistheir nearest neighbors,
because of their larger size and the situation would be yalsfierent from that of a lattice
with identical bond length for all the pairs of species. Aaective measure, we adopt the
same strategy as we have already successfully implement&iifPd system. Mousseau and
Thrope, in their paper have shown the dispersion of bondthenipr various pairs of specie
in the Cu,Au,_4 alloy. As is done for theCuy715Pdy 285 System, we incorporate the relative
changes to our theoretically calculated average bond lewbich is about 5.0788 a.u. and
get three distinct bond lengths for the thredfelient pairs of species in the alloy. Force
constants corresponding to these new bond lengths aretdritom the fitted relationships
of Fig. 4.12 and are presented in Table 4.6. It can be seenrtt@mparison to the un-
relaxed case, the Au-Au and the Cu-Au force constants haye $&ftened by a large amount.
On the other hand, the Cu-Cu force constants remains alnma$tanged in comparison to
the un-relaxed ones, as was the case for the Cu-Pd alloy.utly ge défect of the relaxed
environment involving the chemical bonds on the phonon tspegve plot the dispersion
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Ficure 4.16: Partial and total structure factors calculated byl@IA for various¢ values

in the [£,0,0] direction inCuy75AUg 25 With force constants calculated at the relaxed bond

lengths. The black lines are the total contributions, thiklirees are the Cu-Cu contributions,

the blue lines are the Au-Au contributions and the magentslare the Cu-Au contributions.
All the curves are for longitudinal modes.

curves obtained with the relaxed force constants in Figh.4ltlcan be seen that the secondary
resonance-like splitting in the dispersion curves hasggisared and that the frequencies near
the zone boundary have shifted towards lower values in cosgato the un-relaxed case,
thus improving the agreement between theory and experimém, thus is an artifact of the
softer Cu-Au and Au-Au force constants due to the expandibods associated with the Au
atoms. However, the resonance mode at frequency around-Z $fill persists alongd,0,0]
and [,Z,0] directions, whereas, it is not observable alotig,[] direction which indicates

a direction dependent resonant behavior. For deeper asialys look into the partial and
the total structure factors for the longitudinal branchr@¢¢,0,0] direction in Fig 4.16. For
lower values off and around the resonance, we see no qualitatifferdnce between the
un-relaxed case and the relaxed case. For higjvatues, we observe that the contributions
from all three pairs occur at the same frequency, unlike tineelaxed case. These suggest
that the resonance-like behavior at higliealues stem from the over-§&ning of the bonds
involving bigger Au atoms and that the incorporation of xagons took care of it. However,
the resonance behavior at loweregion has no correlation with the local lattice relaxasion
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Ficure 4.17: Dispersion curves (frequeneyvs reduced wave vecta) ; ¢ = %,q’the

phonon wave-vector; fo€ uy 7sAUg 25 calculated in the VCA (solid lines) with the force con-

stants obtained by fitting experimental frequencies to thieBon Karman model (mentioned
in Table 4.6). The circles are the experimental data.

Thus, in spite of the incorporation of bond relaxations ioyang the agreement between
theoretically calculated and experimentally observedyaimadispersion curves, the qualitative
difference because of the existence of a resonance mode at arcur® THz is still an
enigma that has to be resolved. Katatal. in Ref. [146] had performed a fourth neighbor
Born-von Karman fit to the experimentally measured phonequencies and extracted the
inter-atomic force constants. Surprisingly, they achicaa excellent fit to the experimental
results using this model which only assumes an averagelatiide and neglect any mass and
force-constant fluctuations. This was quite a puzzle bex#dsiggested that the large mass
and size ratio had littleféect on the phonon frequencies. In an attempt to solve theeabov
puzzle, we have carried out calculations with the Coherenérgial approximation (CPA)
and the Virtual crystal approximation (VCA) using force stemts as reported by Katano
et al. [146] in both calculations. Our motivation behind this isdgstematically explore
the dfect of each type of disorder on phonon spectra starting fiognalverage lattice (no
disorder) and thus understand the reason behind the surfoes'average lattice model’ for
a system supposed to have strong disorders in mass, fonstatds and environment. The
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Ficure 4.18: Dispersion curves (frequeneyvs reduced wave vectaf) ; ¢ = '—q',q’the

. . . . qma
phonon wave-vector; fo€ Uy 75Aup 25 calculated in the CPA (solid lines) with the #orce con-
stants obtained by fitting experimental frequencies to thieBon Karman model (mentioned
in Table 4.6). The circles are the experimental data.

force constants for the nearest neighbors as obtained iy théhe experimental frequency is
listed in Table 4.6 for comparison. Fig. 4.17 shows that arekent agreement between theory
and experiment for all the symmetry directions is achievadgithe VCA. However, the same
gualitative disagreement between the theory and the erpatal results that was observed in
case with mass and force-constant disorders on a relaxeutléfig. 4.15) persists in case of
calculations with the CPA as well, shown in Fig. 4.18. Quanitiely, the results with the CPA
are far worse than those obtained with the ICPA on a relaxtidda In the long wave length
region, the CPA calculated frequencies are substantialietestimated in comparison to the
experimentally observed values, whereas, for high wavéovethe calculated frequencies
are significantly overestimated in comparison to the expental ones. This result, thus,
suggests that both the mass and the force-constant diswadesignificant role in the lattice
dynamics in this system and thus, neglecting any one of themdiprovide a qualitatively
wrong picture of the microscopic physics. This can be reaimore clearly from CPA results.
For high wave vectors and thus higher frequencies, the nomades would be dominated by
the vibrations of lighter Cu atoms. For low wave vectors anadr frequencies, heavier Au
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Ficure 4.19: Top panel shows the disorder-induced width€ig 75Au 25 (black line) and

in Cuy715P 285 (red line) along {,0,0] direction for the longitudinal branch calculated in

the ICPA using the force constants obtained at their reygectlaxed bond lengths. The

corresponding vibrational densities of states@ag 75AU 25 (black line) andCuy 715P 285
(red line) are presented in the bottom panel.

atoms will contribute most towards the normal modes. Theamesforce constants used in
the CPA calculations are way too large compared to the Cue@tefconstants obtained by
the TFC upon considering local lattice relaxations. Thieréfore, pushes the frequencies
further up at higher wave vectors. On the other hand, the Adekce constants obtained by
the TFC incorporating relaxations are much larger than tlezage force constants. Thus,
in the low wave-vector region, the CPA calculated freques@re pulled down. In the VCA
or the average lattice model, the average mass used, isri{igher) than the mass of Cu
(Au). A higher (lower) mass in the high (low) wave-vectori@g in comparison to the CPA,
compensates for the f®r (softer) bonds, and thus pulls the frequencies down (lgKimg a
perfect agreement with the experiments. This points toaleethat the error introduced due
to consideration of an average mass is compensated by theeeus set of force constants; a
classic case of cancellation of errors leading to perfest@ment with experiments.

These results, thus, clearly show that the mass disordefptice-constant disorder and
the local lattice relaxations, together make up the phonepedsions in this alloy, being
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correctly addressed by the first-principles based DFPT-TE®A method and that the non-
appearance of the resonance mode in the experiments couldeb® the limitations in the
measurements. These propositions have solid groundsdeoéathe fact that similar branch
dependent resonance modes have been experimentally eddenCu, g7AU 03 [161] and
Clo1Alg o9 [160]. Large values of natural line widths which containamhation about the
disorder &ects were observed in these systems around the resonagoeriocy. A mass-
disorder only theory for impurities, although worked reaably well forCuy g7Aw 03, failed to
explain the frequency shifts and large disorder-inducedthg near the resonance frequency
[160], thus indicating that the fluctuations in force-camdtare a must to understand the
phonon spectra in these alloys. Thus, the resonance beha@ay 7sAW 25 IS expected. To
further validate our arguments, we have calculated therdésenduced widths. Results for
the longitudinal branch alond J0,0] direction forCu, 7sAuy 25 are shown in the top panel of
Fig. 4.19. Results for th€uy 715P dy 285 System are also shown for comparison. The behavior
of the widths are similar for other directions and thus weaief from showing them. It can be
seen in Fig. 4.19 that at aroumd= 2.9 THz, an anomalously large width is observed in case
of Cug75Alg 25 , coinciding with the region where the resonance occurs. b snomalously
large width is obtained fo€u, 715P 285 Which indicates the absence of a resonance mode.
That this anomalously large width is indeed a signature efrésonance mode is further re-
inforced by the results on the vibrational densities ofesatin case of alloys made up by
the heavier impurity in a lighter host, the states with lodveguencies are dominated by the
heavier atoms which gradually merge with the main host baialvever, the occurrence of
resonance in such alloys is marked by a large densities td@sstd the heavier atoms near
the resonance frequencies and subsequent decay of the istatéhe main host band. This
extra scattering induced by the impurity atoms in the hosdharoduces a large width near
the resonance frequency. The bottom panel of Fig. 4.19 sliogvsibrational densities of
states of these two systems under considerations. Arowgtonance frequency according
to our calculations, th€u, 7sAUy 25 System has larger densities of states as compared to that of
Cuy715Pth285. The large contributions are all due to the heavier Au statash form a broad
peak between.3 and 3 THz before decaying into the host Cu band. Such a phsmmm
has been observed in the past figPt;_ alloys [156], a system with similar degree of mass
and force-constant disorder @sk 75sAUg 25. IN case ofCuy 715P 285 alloy, we do not observe
any broad peak in the densities of states in the low-frequeact of the spectrum and the
densities of states curve looks more like that of pure Cu. dlence of any such peak in
the vibrational densities of states along with the absehe® @nomalously large line width
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in the low-frequency part of the spectrumQ@uy 715P 285 can be attributed to the lesser mass
and size ratio of the constituents in this alloy comparedhet in Cuy75AWy25 and is the
reason behind the qualitativefidirences in the phonon dispersion relations between these tw
systems.

4.3.3 NiPt;_4 for x=0.95,0.70, 0.50and 0.25

In this work, we have computed the phonon dispersiom$igasPto.0s, Nio70Pt.30, NigsoPtoso
and Nig 5Pty 75 for which inelastic neutron scattering results are avéddh56]. Fig. 4.20
presents the stretching)@nd bendinglf) components of the nearest neighbor force constant
tensor for the alloyNi,Pt;_ 4 as a function ofx, computed by the DFPT-TFC method. The
results show that for systems with high Ni concentratiomely x = 0.95 and 0.70 (x is the
Ni concentration in the alloy), the Pt-Pt bonds aré&stiby an order of magnitude than that
of the Ni-Ni and Ni-Pt ones, with the Ni-Ni bonds being thetest. The huge dierences
in the stiftnesses of the bonds are artifact of forcing the larger Pt atomwibrate in a lattice
much smaller compared to the equilibrium lattice of Pt inelismental phase. With increase
in Pt concentration in the alloy, all three bonds soften viAtHPt being the mostfiected.
This is expected as the atoms now have an expanded latticecersitierably larger bond
distances. Theftect on Pt-Pt pairs is larger than the other pairs due to thietifet with
decreasing, the bond distances tend to get closer to the Pt-Pt bondhdessan it's elemental
phase. The bending components of the force-constant tedearot vary significantly witlx,

in comparison to the stretching components and they beidgraf magnitude smaller than
the stretching components, are expected to play little irolafecting the lattice dynamics.
In what follows, we use these set of force constants as irtpttse ICPA and calculate the
phonon dispersions for the alloy. We discuss our resultefmh composition in élierent
subsections.

4.3.3.1 NbosPtoos

The results obtained for the dispersion curves along alsgmemetry directions are shown
in Fig. 4.21(a). The calculated and the experimental resaflphonon frequencies agree rea-
sonably well both qualitatively and quantitatively aloidgd,0] direction where the resonance
behavior, observed experimentally around a frequency®f8iz is well reproduced by our
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Ficure 4.20: Nearest neighbor (a) stretching and (b) bending fomestants folNixPt;_x

as a function ofx, the Ni concentration. The force constants are computecheyDi-PT-

TFC method withab initio calculations performed on a set of structurk$,(at four diferent
volumes,L1; at two diferent volumes, FCC Ni and FCC Pt at twdfdient volumes).

calculations. However, the resonance mode aldngQ] direction can only be observed for
T, branch, whereas, it is not at all observable alofg.{] direction where no experimen-
tal data is available for comparison. Around the resonareguiency which corresponds to
£=0.23 for the [,0,0]L branch and tg=0.37 for the {,0,0]T branch, we observe a frequency
shift in the dispersion curves. This kind of frequency simfthe dispersion curves is generally
associated with a strong force constant disorder whichsholee for the present system. To
find out whether the disorder in the force constants is theiptesreason for this anomalous
frequency shift obtained from our calculations, we looloitite partial and the total structure
factors. In Fig. 4.22, we present results for the partial tedtotal coherent scattering struc-
ture factors along,0,0] direction and for the transverse branch at some s#léatalues. We
find that the Ni-Ni pairs contributed the most to the struetiactors while there are small but
significant contributions from the Ni-Pt pairs around theve/&ectors near resonance which
die down gradually with increasing This corroborates the assumption of Tsunetal.
[156] that the lower value of the resonance frequency obthinom the calculations by the
mass-disordered CPA, in comparison to the experimentadigisured one, is due to the larger
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Ficure 4.21: Dispersion curves (frequenay vs reduced wave vecta) ; ¢ = ﬂ,dthe

phonon wave-vector; falixPt;_x (where, (a) x0.95, (b) x=0.70, (c) x0.50 and (83 x0.25)
calculated in the ICPA (solid lines) with the force constanbtained by the DFPT-TFC
method [109, 137]. The circles are the experimental dataedéfence [156].

value of the Ni-Pt force constants than the Ni-Ni ones. Oungotations of the structure fac-
tors show that indeed the Ni-Pt pairs contribute to the stinecfactors near resonance. This
finding, together with the results on the force constantsffog. 4.20, demonstrates that the

resonance frequency is influenced by the vibrations of th@t\pairs. From Fig. 4.22, it is
observed that at = 0.3, the peaks due to Ni-Ni and Ni-Pt contributions occur atsthe fre-
guency. However, at = 0.35, the peak due to the contributions from the Ni-Ni pairgiteto
shift towards higher frequency compared to the Ni-Pt on&intathe spectral lines wide and

effecting a split in the phonon branches. However, since tlog &lNi-rich, the dfect is not
much pronounced. That this behavior signifies resonancéddiine vibrations of Pt atoms is
demonstrated by the disorder-induced widths as shown indE&g(a). Fig. 4.23(a) suggests
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Ficure 4.22; Partial and total structure factors calculated byOR®T-TFC-ICPA method for

various/ values in the £,0,0] direction inNiggsPto 05. The black lines are the total contribu-

tions, the red lines are the Ni-Ni contributions, the blue$ are the Pt-Pt contributions and
the magenta lines are the Ni-Pt contributions. All the caraee for transverse modes.

that there is an anomalously large widthraD.24 for the longitudinal branch, andéat 0.36

for the transverse branch. These wave vectors correspotitetoegions where resonance
occurs. Such anomalously large widths near the resonargedncies have also been ob-
served experimentally fa€ Uy 97AUg 03 aNAC Uy 91 Al oo alloys [160-162]. These anomalously
large widths at a particular wave vector or frequency desotaller phonon life-times and are
due to the metastable phonon modes of Pt impurities in tha Migband as is demonstrated
by the contributions of the Ni-Pt pairs to the structure dastnear the resonance frequency
and their subsequent decay with increasing phonon energgtéworthy diference between
our computed line shapes and the experimental ones is tea@dsf double peak structures
in the line shapes from our calculations. The experimerma $hapes near the resonance
frequencies had double peak structures, although one qfdhlks was always much less in-
tense compared to the main one. The absence of this secquetgyn the structure factors
computed by us could be due to the fact that we have weightetiné shapes by the cor-
responding coherent scattering lengths resulting in tdestgbution of weights. In spite of
these qualitative dlierences, there is excellent agreement between the expérame theory
regarding the resonance frequency and qualitative featfrthe dispersion curves.
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Ficure 4.23: Disorder-induced widths NixPt;_x (where, (a) x0.95, (b) x=0.70, (c) x0.50
and (d) x=0.25) along {,0,0] direction for both the longitudinal (red line) and tinensverse
(blue line) branches calculated by the DFPT-TFC-ICPA metho

4.3.3.2 Nb7oPtoso

In Fig. 4.21(b), we present our computed dispersion curgeslf symmetry directions and
compare with the experiments. The qualitative featuresigfeatsion curves agree reason-
ably well with experiments except that the double peaksérdgion from¢=0.4 to the zone
boundary observed experimentally for thed,0]T branch are missing in our results. It is
to be noted that the peaks at the higher frequency obseryestimentally [156] are rather
poorly defined and have very large widths. The CPA calcutatloy Tsunoda also reproduced
the double peak structures in the line shapes. However, blelpeak structure in the CPA is
only natural because non-consideration of variations énféiice-constants betweenrftérent
pairs of species mayfiect a separation of bands associated with the two constibening
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Ficure 4.24: Vibrational densities of states fidig 70P1p.30 calculated by the DFPT-TFC-ICPA
method.

a large mass tlierence, giving rise to two well separated peaks in the lirspsh as seen in
Ref. [91]. Thus, a double peak structure of the line shapéamdd from the experiments for
the transverse branches could be an artifact of the liroitatin the experimental setup. The
resonance behavior is found to be more pronounced in thiplgsas compared to blésPl.os.
Fig. 4.21(b) shows a splitting in the dispersion curves ai3.5 THz for all the branches
except the £,£,]T branch which, as in the experimental results, does novsdity anoma-
lous feature. This resonance frequency is in perfect ageaémith the experimental results
for the transverse branches, whereas, the resonance bef@avthe longitudinal branches
were observed experimentally at a slightly higher freqyesmlich is approximately 4.0 THz.
In addition, a secondary splitting is observed nea¢7.05 THz for [,0,0]L, [£,£,0]T; and
[£,¢,Z]L branches, although the experimental results show thalitiathal feature only for the
[£,0,0]L direction and at a frequency around 6.0 THz which isstderably lower than the
theoretically calculated value. Such a secondary res@igndue to extra scattering induced
by impurity at higher frequencies causing resonance maaeketay into the host phonon
density of states and hence increasing the line widths. fBopret the underlying mechanism
of secondary resonance more clearly, we present the panitbihe total vibrational densities
of states in Fig. 4.24. The plot indicates a maximum for Ptsdes of states at=3.0 THz
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Ficure 4.25: Partial and total structure factors calculated byOR®T-TFC-ICPA method for
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tions, the red lines are the Ni-Ni contributions, the blue$ are the Pt-Pt contributions and
the magenta lines are the Ni-Pt contributions. All the caraee for longitudinal modes.

which in addition shows a second maximuma#.4 THz. This 2nd maximum in the densi-
ties of states for impurity Pt in the high frequency regionasponsible for the occurrence of
secondary resonance. Since it occurs at a frequency mubbriigmagnitude than the maxi-
mum frequency of the transverse branches, hence, we do@mahyesecondary resonance for
this branch. This anomalous phenomena of secondary resemran also be extracted from
the disorder-induced-widths shown in Fig. 4.23(b). Theitssshow large widths af ~0.30
and/ ~0.78 for the longitudinal branch, whereas, it is observely once and at = 0.52
for the transverse branch. The position of the peaks cagnwith the regions around which
resonance occurs along0,0] direction.

For a deeper analysis about the contribution of each speareégwards normal modes
of vibrations and to explain the discrepancies betweenréteal and experimental results
regarding the frequency of the secondary resonance, weitdokthe partial and the total
structure factors for the longitudinal branch alorgQ[0] direction in Fig. 4.25. Unlike in
Nig95Pt.0s5, it can be seen that the Pt-Pt pairs have significant conimiisiin this case at low
wave vectors along with the Ni-Pt contribution. At0.25, contributions from all three pairs
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have peaks at the same frequency. Howevef,=0.30 where the first resonance occurs, the
peak due to the contributions from the Ni-Ni pairs to the stinve factor starts to shift towards
higher frequencies compared to the other pairs, therelvgasing the phonon line width. This
is visible more clearly at=0.32, where we see that the peak for the total structurefaet®
been rather flat. The right panel of Fig. 4.25 suggests thiat #0.75, the phonon line shape
begins to be asymmetric in shape. This happens becauseddrsalift of Ni-Pt peak towards
high frequency side as compared to that of Ni-Ni peak whisha aesult, tends to shift the
peak of the total structure factor to a high frequency. Thestdire demonstrates two things:
first, the Ni-Pt pairs play an increasingly important roletie phonon dispersion relations
and thus a theory like the CPA which does not take into acctntlispersion in the force
constants betweenfierent specie pair cannot explain the anomalous featuresati@y like
the present one, and second, the discrepancy between alis i@sd the experimental results
regarding the frequency of the secondary resonance carbalsaderstood in the following
way: a higher value of the frequency obtained from our caltohs suggest that the Ni-
Pt interactions which is responsible for the secondarymmasoe, could be overestimated in
our methodology. The reasons for this overestimation ctwldwofold: one, we have not
considered any local lattice relaxation which may make th@f\bonds softer in comparison
to that in a rigid lattice, thus pushing the positions of tlealks of Ni-Pt structure factors
towards lower frequency and bringing in closer agreemerihéoexperiments and two, we
have not incorporated any short-range order in our formalig sunoda [156] has pointed
out that it is very dificult to get rid of short-range order in this alloy near the at8mic
ordering. Since short-range order would mean greater infle®f the unlike pairs of species,
the Ni-Pt force constants considered in our calculationddcbe very diterent than those in
a homogeneously random alloy, thuBeating the results.

4.3.3.3 NisoPtoso

Tsunodaet al. [156] had observed that the most significant failure of thessrgdisordered
CPA was in case dligsPty5 alloy where the vibrations of the unlike atom pairs are expec
to play a more significant role. The vibrational densitiestates for this alloy, calculated
by the CPA, had predicted a split-band behavior. That theef@onstant disorder is neces-
sary to understand and even reproduce the experimentabroédd phonon spectra, was later
established by the ICPA calculations [91]. However, theoddorce-constants used in Ref.
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Ficure 4.26: Partial and total structure factors calculated byOR®T-TFC-ICPA method for
various/ values in the £,0,0] direction inNigs0Ptos0. The black lines are the total contribu-

tions, the red lines are the Ni-Ni contributions, the blue$ are the Pt-Pt contributions and
the magenta lines are the Ni-Pt contributions. All the caraee for longitudinal modes.

[91] were intuitive and thus their accuracies were quesib@. Therefore, in Fig. 4.21(c), we
present the phonon dispersions calculated with our firsiegrles based formalism which is
supposed to model the inter-atomic bondissses accurately. We find an overall fair agree-
ment between our calculations and the experiments. Goaagnt is obtained for the low
frequency branches along Q 0] direction. For the high frequency branches, there asnqu
titative differences between our calculations and the experiments. albelated resonance
frequency for the{,0,0]T branch is 3.9 THz/(~0.67), which is a bit higher than that of the
experimental datax(3.5 THz). However, as described by Tsunedal. [156], there might be
some ambiguity in the estimation of resonance frequencii@péaks fot ~0.7 were quite
broad and were superimposed on an uneven background caydbd imcoherent inelastic
scattering. There is also some discrepancy over the positfioesonance for the/[0,0]L
branch. The experimental results show resonance for thisdbrat a frequency, ~5.2 THz,
whereas, the calculations predict it to bea#t.5 THZ. Experimental interpretation, however,
was very dificult in this region because of the very large widths. No vadelfined peaks were
observed experimentally ne&r~0.45, presumably due to extreme line broadening. As was
observed earlier fox = 0.95 andx = 0.7, the disorder-induced widths [Fig. 4.23(c)] for
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both branches show anomalously large values at certain west®rs which coincide with
the wave vectors corresponding to the resonance, thusatialgithe results obtained from the
positions of the peaks in the structure factors. It is alsseoled that the phonon frequencies
from our calculations for the high frequencies are highenegnitude than the experimental
frequencies. A comparison with the earlier ICPA calculasiavith empirical force-constants
[91], however, suggests that quantitatively, the presesilts are in better agreement with the
experiments. To understand these observations, we présestructure factors in Fig. 4.26
for the [¢ 0 O]JL branch at selectedvalues. Similar td\ig 7Pty 3, we find that the Ni-Pt pairs
have substantial contributions in this alloy system. Neaf 0.4, the wave vector around
which the resonance occurs fdr( O]L branch, the peak due to the Ni-Ni contributions start
to shift towards higher frequencies compared to the peaggalthe contributions from other
two pairs. As a result, the phonon line shapes become asymraatl the widths increase
significantly. With increasing, the positions of the Ni-Pt and the Ni-Ni peaks start to get
closer and move towards higher frequencies as compared ttRt peaks with gradually di-
minishing contributions of the Pt-Pt pairs to the total stawe factors. At = 0.55, the Ni-Ni
and Ni-Pt peaks appear at the same frequency with Pt-Pt @gaitsibuting very little to the
structure factors. Far > 0.55, the Pt-Pt pairs practically have no significant contidns and
the structure factors are dominated by the vibrations oNiali and Ni-Pt pairs. The reasons
behind the better agreement of the present calculatiomstingtexperiments in comparison to
the results of Ref. [91] can be understood from the featurdisa structure factors discussed.
In Ref. [91], it was assumed that the Ni-Pt force constantalevbe softer than the Ni-Ni
ones. Thus, the Ni-Ni bond fiinesses in Ref. [91] were overestimated. Since the high fre-
guency phonon branches are dominated by the Ni-Ni contabsias seen in Fig. 4.26, such
overestimation resulted in larger phonon frequencieshWitr present first-principles based
methodology, on the other hand, we have found that the NieNdbstithesses are softer than
the Ni-Pt ones. This correct depiction of the relative ggtbs of the Ni-Ni and Ni-Pt bonds,
has brought in a better agreement between the presentat@ad and the experiments.

In Ref. [156], the measurements were carried out fo0[0] direction only because
the authors, from the observations By gsPty0s and onNig7Pty3 alloys, inferred that the
anomalous features of the lattice dynamics do not depend samsitively on the phonon
propagation directions. However, for tidigsPtys alloy, we do find a dependence of the
anomalous features on the propagation directions. Forgéd]L and [£,£,0]T, branches,
resonance occurs at~3.95 THz, while the same can be seen for #hé,p] T, branch at 3.75
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Ficure 4.27: Vibrational densities of states fidig 25P1p 75 calculated by the DFPT-TFC-ICPA
method.

THz. An extra feature in the form of secondary resonancess abserved for theZ[¢,0]T;
branch at 6.40 THz. For the [,/] direction, we do not see resonance for either of the
directions. This suggests the need for further experimiatudies for these two directions of

phonon propagation.

4.3.34 Nb,25Pto.75

A substantial qualitative disagreement between the thieat@and the experimental results is
observed for this alloy composition. The experimental kssalong [,0,0] direction for this
specimen showed double-peaked structures reminisceasohant behavior for the longitu-
dinal branch at ~0.4, whereas, for the transverse branch, resonance wavetis#/ ~0.5.
For ¢ larger than 0.55, the frequencies of the longitudinal bnanere almost independent of
wave vector which is typically observed for localized phond@hese results, however, have
limitations as the phonon peaks at higher frequencies wgrersnposed on the uneven in-
coherent background, thereby, making iffidult to identify the peak positions properly. Our
calculated dispersion curves are presented in Fig. 4.2Tdptrary to the experimental ob-
servations, we do not see resonance like behavior for artyedbtanches. No frequency shift
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Ficure 4.28: Partial and total structure factors calculated byOR®T-TFC-ICPA method for

various/ values in the £,0,0] direction inNig 25Pty 75. The black lines are the total contribu-

tions, the red lines are the Ni-Ni contributions, the blue$ are the Pt-Pt contributions and
the magenta lines are the Ni-Pt contributions. All the caraee for longitudinal modes.

reminiscent of resonant behavior is observed in the theaist calculated phonon dispersion
curves. The calculated dispersion curves rather reserbgetof the pure Pt. The calculated
disorder-induced-widths [Fig. 4.23(d)] do not show anyraatously large value at any wave
vector or frequency, unlike the other compositions congdeso far, indicating a qualitative
difference between the lattice dynamics of the alloy at this asitipn and at other compo-
sitions we studied. To understand the reasons behind tigrgécant discrepancies, we take
recourse to the vibrational densities of states (Fig. 4a2id) the structure factors (Fig. 4.28).
The vibrational densities of states show that the Pt atomg thie dominant role throughout
the band with Ni atoms adding weight to it at higher frequenci This, thus corroborates
the experimental observation of the localized impurity moat splitting d¢f from the main
phonon band. Itis to be noted that the mass-disordered C&digbed [156] a splitting of the
impurity Ni band from the main phonon band. The origin of ¢aesntradicting predictions
can be traced by analyzing the calculated structure fagtd¥gy. 4.28. For higher values ¢f

in case of { 0 O]L, we find that the contributions from all three pairs obmis are important
and that they vibrate at the same frequency (the peaks ofafti@lpstructure factors occur at
same frequencies) with the maximum frequency being lowaat the frequency of the phonon
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band-edge. This is due to the consideration of the forcestemn disorder, or in other words,
due to the incorporation of the fact that the Ni-Pt pairs dedhe lattice dynamics at high
frequencies and that the Ni-Pt bondistess’s are significantly less than the Pt-Pt bonfd sti
ness’s. There was no such possibility within the framewdrkhe mass-disorder CPA and
thus consideration of a single force constant for all pasitted in severe overestimation of
the frequencies leading to the splitting of the impurity radibm the host band.

The results of Fig. 4.28 also suggest a possible clue to sagkement between our cal-
culations and the experimental results. A closer look atstiacture factors reveal that for
(=0.45-0.55, there is a small hump around 6 THz due to the Niibliations. The small
peak due to this is completely diminished due to the contioing from the Ni-Pt pairs, re-
sulting in only single-peak structure factors. Clearlyy calculated structure factors also
would have two-peak structures resulting in qualitativeeagient between the theory and the
experiment, had this hump persisted. Thus, a couple of nsasould be thought of behind
this disagreement: one, it could be that due to the non-derediion of short-range order in
our calculations, the Ni-Pt contributions have gained nveegght and inclusion of the short-
range order may re-distribute the weights of the contringiassociated with the three pairs
of species, resulting in two-peak structure factors and te limitations in the determina-
tion of the peak positions from neutron group data for higggtrencies as described in Ref.
[156] could lead to the spurious splitting of the disperstomves, thus giving rise to the dis-
agreement between our calculations and the experimenéseiine, a theoretical calculation
incorporating short-range order in our formalism and a tArgeutron- scattering experiment
should be performed for this composition of the alloy.

4.4 Summary

A combination of the transferable force constant model taggon first-principles DFPT
calculations and the ICPA has been proposed as a first-plascbased tool to calculate the
phonon spectrum and related properties for disorderegstid any arbitrary concentration.
The TFC model has been applied for the first time to calculaecomplete phonon spectra
of disordered alloys. The reliability of the model has als®ib examined for a wide vari-
ety of alloys. To begin with, we have chosen magnetic typaitys Pd,Fe;,_, for which
the phonon dispersion curves and elastic constants agrgevedl with the experiments at
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low temperatures. FdPdysFeys alloy, inspite of producing qualitatively correct inteteanic
force constants by this approach, a noticeable deviatidheotalculated phonon frequencies
from the experimental results is observed which could bbated to the non-incorporation
of any temperatureffect in calculating the force-constants. We have also iiyat&d the role
of size-mismatch of end point components on the lattice dyosof binary alloys by consid-
ering the illustrative examples Qg 715P 0 285 andC Uy 75AL 25 Systems. On incorporation of
bond length fluctuations for the all@yuy 715Pth 285, the phonon dispersion curves agree very
well with the experimental results. In caseCiy 7sAUy 25 We find a resonance mode at around
2.9 THz which is not observed in the experiments. A systesmiagestigation reveals that this
alloy presents a case where both the mass and the force sbdstarders play significant
role in determining the phonon frequencies. The good agee¢wbtained with the average
mass and average set of force constants extracted by fittengMperimental frequencies to a
Born-Von Karman model, is indicative of cancellation ofeesemanating from the mass and
the force constants. Presence of resonance modes in themnegptal results for the Cu-Au
alloy at even smaller concentrations of Au suggest thateékelts obtained by us with relaxed
bond lengths indeed capture the real picture of complexpfag of various types of disorders
influencing the phonon dispersions@u, 7sAUg 25 and that a more careful experiment has to
be performed so as to produce the disorder inducktes properly for this alloy. In addition
to these alloy systems, we have studied the complete phgremtra for substitutional dis-
ordered alloysNi,Pt;_y, in which a systematic investigation reveals the importaoicforce
constant disorder in determining the phonon frequencieshiese alloys which justifies the
failure of mass disorder only CPA theory for the alloys cdesed. The agreement between
the theoretically calculated and the experimentally olesgtresults is reasonably good except
for the case oNig 5Pty 75 where we see qualitativeftierence between the two in the phonon
dispersion curves. Unlike experimental results, no splithe dispersion curves suggesting
the occurrence of resonance is observed for this compaosithich is apparently clear from
the behavior of the phonon line width. The dispersion cuiseslike pure Pt which is evi-
dent from the vibrational density of states. The only othatable discrepancy between our
results and the experimental ones is that we do not obtaiexperimentally observed dou-
ble peaks in phonon lines for thé,0,0]T branch forNig7oPty30 in the region from=0.4

to the zone boundary. For rest of the compositions, no sustrefpancy is seen and our re-
sults successfully predict the resonance behavior ardumdxperimentally observed regions.
Although we have not observed any double-peaked structméniscent of resonance, how-
ever, the sudden jumps in the peak positions of the phon@s lamd the associated large

TH-1087_06612102



112 Chapter 4. Applications of DFPT-TFC-ICPA method for binatpys

widths strictly indicates the occurrence of resonances Warth mentioning at this point that
the experimental results were ambiguous at certain plagesuse of the uneven background
caused by the incoherent scattering. This resulted in bpeatts which made it flicult to
identify the peak positions accurately. Our calculatedilissare devoid of any such uncer-
tainties. However, our calculations have not incorporateyglshort-range order, which, given
the fact that the Ni-Pt bond fithess’s have been demonstrated to be playing the key role in
affecting the lattice dynamics with the change in compositiamsy turn out to be important

in resolving the observed discrepancies. Thus, a calomatith the short-range order being
incorporated in the formalism and a more careful experinsdauld be performed to settle
the issues completely.

TH-1087_06612102



Chapter 5

Incorporation of the local environment
effects

5.1 Introduction

The DFPT-TFC method [137] to calculate force constantsesponding to an inter-atomic
bond in random alloys involves fitting of ‘force constant vanld length’ data, obtained for
the same bond in ffierent chemical environments, to a suitable analytic fumctirherefore,
the reliability of the inter-atomic force constants betweepair of species calculated by this
scheme heavily depends upon the accuracy of the fitting. dere the approach fails to
incorporate thef@ects of strong environmental disorders like the short-eamgler which may
play important roles in governing the lattice dynamics ofnynaeal systems. For example,
presence of short-range order in the system would mean méteince of the unlike pair
of species and the inter-atomic force constants would bafgigntly different from that of a
homogeneously disordered system. Hence, our quest is ta nodable first-principles based
theory to compute lattice dynamics in random alloys whicldesoid of any of parameter
fitting and has the ability to address the issue of envirortadelisorder correctly in addition
to mass and force constant disorders.

In this chapter, we present a new first-principles based &ism [163] to compute the
lattice dynamics of substitutional disordered alloys vishirecorporates theffects of disorder
in mass, force constant and environment. We demonstrat®timalism by computing the
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phonon dispersion spectra of homogeneously disorderggPiyi alloy. This alloy is chosen
as an illustrative example due to the fact that its congtibave large massfterences (Pt
is 3 times heavier than Ni), large sizdférences+{ 11%) and large force constantigirences
(Pt-Pt force constants beinrg55 % larger than the Ni-Ni ones) and thus significaffieets of
all three kinds of disorder on the lattice dynamics can beeetgrl. As has been discussed in
the previous chapter that the alloy with this compositiohikis certain anomalous features
in its phonon dispersion and thus is interesting as a testfoaany new formalism. Although,
we had investigated this system with DFPT-TFC-ICPA methudir@sults were discussed in
the previous chapter, in this chapter we are not attemptwygcamparison of the results ob-
tained with our new formalism with that obtained from the OFF-C-ICPA method, neither
are we attempting any calculation incorporating shorggsarder. Rather, our motivation is to
discuss the nitty-gritties of the new formalism and strgssruits potential utility in handling
the environment disorder. Thus, the only comparison ofltesuve attempt is between the
results obtained by this new formalism and the results abtawith other theoretical models
where the &ects of environments were somewhat neglected. To this eadhawe compared
the results of this new formalism with those from the CPA amairf the ICPA in conjunction
with the empirical set of force constants, the last one exadhythaving fairly good agreement
with the experimental results.

5.2 Methodology

Our formalism hashree important components: the structural model of substingialisor-
der, the averaging procedure of the force constant tensectaver the original symmetry of
the solid solution and the ICPA for performing averagingras@nfigurations. In the follow-
ing sub-sections, we briefly describe the first two compasehthe formalism, whereas, the
details of the ICPA method are already discussed in Chapter 2
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5.2.1 Structural model

Within the framework of first-principles calculations, serdegree of translational symme-
try is always assumed. Systems with long-range disordet thasefore be treated approxi-
mately, usually by averaging properties over several @dleonfigurations. Current computa-
tional capabilities limit the size of each configurationyasl as the number of configurations
sampled. Recently, Zunget. al. developed a computationally tractable approach to model
the disorder through the introduction of a "special quasi@n structure” (SQS) [164—-166],
anN-atom per cell periodic structure designed so that thetrrdiscorrelation function$ly
best match the ensemble-averaged correlation-functonk ., > of the random alloy. Here
(k, m) corresponds to the figure defined by the numbek of atoms located on its vertices
(k=2, 3, 4.... are pairs, triangles, tetrahedra etc.) with mdpéne order of neighbor distances
separating themn(=1, 2....are first, second neighbors etc.). This approadtese distribu-
tion of distinct local environments whose average corrasigdo the random medium which
is contrary to the requirement of mean-field theoreg(CPA) [71, 167—169] in which each
atom is influenced by an identical, average medium. It has beed extensively to study the
equilibrium volumes, density of states, band gaps, foromaginthalpies and optical properties
in semiconductor alloys [164—-166]. Moreover, the approaas also been applied to inves-
tigate the local lattice relaxations in size-mismatchemgition metal alloys [170-173] and
to predict the formation enthalpies of Al-based FCC alldya4]. The biggest advantage of
the SQS over a conventional supercell to model positiorsardier is that the former uses the
knowledge of the pair-correlation functions, a key propet the random alloys, to decide
the positions of the atoms in the unit cell, instead of inegrthem randomly as is done in the
conventional supercell technique, and thus is guaranteprbvvide a better description of the
environments in an actual random alloy.

5.2.2 Averaging procedure for force-constants

Since the relaxation of atomic positions produce a distidlbuof nearest neighbor distances
for any pair of atoms, the nearest neighbor force consttrdshave a distribution, depending
on the bond distances. However, since the symmetry of theiS@®%er than the symmetry
of the actual lattice of the alloy which is most often cubicase of binary systems, the force
constant matrices look more complicated. For construadibthe Green’s function for the

TH-1087_06612102



116 Chapter 5. Incorporation of the local environmerfieets

actual alloy with it’'s underlying symmetry and for the contgiion of configuration-averaged

guantities in an inexpensive way, one thus need to recoeeatiual symmetry in nearest
neighbor force constant matrices through proper averagfititge SQS force constant matrices
obtained from first-principles calculations done on the SQ®: retrieval of force constants

with cubic symmetry from the SQS force constants is posdieleause of the fact that the
SQS is indeed a superstructure of the underlying latticdnefactual disordered alloy. We,

here, demonstrate a smart procedure to retrieve the aviErageconstants with the symmetry
of the real binary alloy. For the sake of convenience, we destrate the averaging procedure
for a FCC lattice.

In a FCC lattice, the distances between a given atom and ited2st neighbors are spec-
ifieded by the vectors«(}, +1,0)a, (+3,0, +3)aand (Q+1, +1)a; a being the lattice constant.
The force constant matrix for two atoms separated by theové£t1, O)ais of the form

The other nearest neighbor force constant matrices arecdme form and are related by
point group operations. However, when the atoms are alldoeelax, the vector separating
a pair of nearest neighbor atoms are modified%t& 01, % + 05, 03)a and the matrix of force
constants corresponding to a given pair of atoms reflectdoe of symmetry, taking the
general form

a; bl ag
O=| b, a a (5.1)
38 a5 C

For a particular set af;, 6, andds, one needs to perform the averaging such that we obtain
the following force constant matrix:

(5.2)

S
I
o T. o
o 9 T
0. 0o o
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To achieve this, one needs to pick up the relevant ones outeol8 symmetry opera-
tions corresponding to the cubic group which transform thred constant matrices to one
displaying the symmetry of the FCC structure. To elaboratéhcs, we provide the following
example:

Suppose, two atoms are separated by the separation \l%ew% - 01, —(% + 6), —03}a.
The force constant matrix obtained from first-principlescaations on the SQS is given
by Eq. 5.1. To recover the symmetry of the FCC force constamésneed to find out the
transformations that transform the separation veBttw a new separation vect&® = {% —

61, 5+02, —0z}aand{3 +8,, 3 — 61, —ds}a. These transformations, in this particular case, mimic
the nearest neighbor separatic%mg, 0)afor the unrelaxed FCC lattice. They are:

%y, — (-x2
x%.d — (x-v.2 (5.3)
xX,¥,2 — (V,—%X -2
Xy, — (x-y,-2).

Corresponding to each of these transformation, there iarsstormation matrixJ. We
transform the SQS force-constant matixo the FCC force-constant matilX by perform-
ing the operatiot T®U in each of the 4 cases and then adding them. This simple proeed
producesa = 2(a; +ay), b = —2(b, + by) andc = 4c. All other off-diagonal elements vanish
due to this symmetrization and the FCC symmetry is recoveréds procedure is repeated
for all pairs of force constants and an arithmetic averadimasly computed.

The methodology, therefore, consists of the following comgnts:

(a) computations of the dynamical matrices and real-spaiz fconstant tensors on an
N-atom SQS,

(b) the averaging procedure is employed so that the regulbirte-constants tensors have
the original symmetry of the underlying crystal structure,

(c) the averaged force-constants are then used in the ICIeAlaaons for computations
of the phonon dispersions and densities of states.

TH-1087_06612102



118 Chapter 5. Incorporation of the local environmeifeets

10
Ni-Ni
5_ —]
g _ “ ‘ “ ‘ _
e 0 I IIIII II |I 1 I 1 III 1 |
2
) - . u
c 151 Ni-Pt |
- - u
n
O 10 —
a L N
= L H||| |‘HI IN |
qa 0_ | » |ll|||| 1 1 I| III II 1 i |
S 1ok Pt-Pt
1 ‘ ‘ _
0 | 1 | 1 | ||II‘I|I 1 |||| II ||I||
2.6 2.8 2.85

25 2.55 2.65 2.7 2.75

o

" Bond distance (A)

Ficure 5.1: Dispersion of bond distances for three pairs of atomnspeded by the SQS.

5.3 Example: NpsPtgs

We illustrate the novelty of this formalism by computing plom dispersions foNigsPtys
alloy. A 64 atom SQS is constructed to represent the randtmy &e employ first-principles
plane wave projector augmented wave method as implememtbe VASP code [175, 176]
for calculation of the electronic structure for the 64-at8®S. The dynamical matrices and
the real-space force constants are calculated using theNRtd@e [177]. The cut4d energy
for the electronic wave functions is 400 eV. The structurtully relaxed till the forces are
converged to 1¢ eV/A. For the configuration-averaging, the disorder is congden the
nearest-neighbor shell only as the further neighbors hanoefconstants a order of magnitude
less. The ICPA calculations are done with a285 x 25 k-mesh and 1000 energy points.

In Fig. 5.1, the variations of the nearest-neighbor bonthdises for a given pair of specie
with the variations in the environment are plotted. It is@fed that the inter-atomic bond
distances for a given chemical specie pair depend sergibwethe number of unlike atoms
i.e. the fluctuations in the environment. As a result of tthe, inter-atomic force constants
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TasLe 5.1: Real-space nearest neighbor force constafftgin units of dyricm) for NigsPt 5

obtained by averaging the SQS force constants; the forcgtaats used for CPA calculations

and the empirical force constants [91] are also includedc@omparison. The last column
indicates the Cartesian componentsbof.

Pair SQS CPA Empirical o

Ni-Ni 8231 19365 15587 xx
Ni-Pt 17868 19365 13855 ?
Pt-Pt 33494 19365 28993 ?
Ni-Ni  -525  -3255 -436 zz
Ni-Pt -2820 -3255 -348 ?
Pt-Pt -6854 -3255 -7040 ”
Ni-Ni 9580 22679 19100 «xy
Ni-Pt 20740 22679 15280 -
Pt-Pt 39655 22679 30317 Y

too undergo variations with the fluctuations in the enviremtn First-principles calculations
on the SQS structure show that the average Ni-Ni bond dist&n2.64 A, the average Ni-
Pt bond distance is 2.66 A and the average Pt-Pt bond distsr2c@3 A which means that
there is significant dispersions among the three pairs ofiforit is to be noted that the
Ni-Pt bond distance is exactly equal to the unrelaxed allogdodistance while the Ni-Ni
bond distance is less than 1% smaller than the unrelaxey lafind distance and the Pt-Pt
bond distance is.B% larger than the unrelaxed alloy bond distance. Tiieces of such
dispersions in inter-specie bond distances on the reldesioé constants are presented in
Table 5.1 where a comparison is made between thi@ereint models of disorder: the SQS-
averaged, the empirical [91] and the CPA. It is to be notedttimempirical force constants
used in Ref. [91] were obtained based upon intuitive argus@nout relative bond strengths
of the three specie pairs and their quantifications based thofit to the upper band edge of
the experimental phonon spectra. There, it was arguedibaili-Ni bonds in the alloy are
softer compared to those in pure Ni, the Pt-Pt bonds affeistompared to those in pure Pt
and Ni-Pt bonds are even softer than the Ni-Ni ones becaesHitlPt bond distances were
thought to be the largest. A comparison between the forcetaats obtained by the SQS-
averaged and by this empirical scheme shows that the Ni-idefoonstants computed by
the SQS-averaging scheme are 50% softer, the Ni-Pt and t{RéfBtce constants are 25%
and 23% harder on an average. More importantly, the Ni-Rtefmonstants computed by
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the SQS-averaging scheme are harder than the Ni-Ni onesuH e contradiction with the
empirical scheme. This is due to non-consideration of tir@mmental disorder resulting in
incorrect considerations of the relative strengths of tinesses of the three types of inter-
specie bonds. In the empirical model, the Ni-Ni alloy foramstants were taken to be only
10% softer than the Ni-Ni force constants in the pure Ni. WHhke Ni-Ni bond distances
in the alloy under consideration are about 6% larger thahiththe pure Ni, consideration
of only 10% softening was a gross overestimation of the Nifteractions in the random
alloy environment. Due to a significantcant increase in tidNaverage bond distances,
the Ni-Ni interactions should $ier more severe dilution which is correctly addressed upon
consideration of the random environment and subsequemti@telaxations under the SQS
model of positional disorder. The Pt-Pt alloy bond distanae the other hand reduce only
by about 1% as compared to the pure Pt-Pt bond distance. Teudtect on the Pt-Pt force
constants should be much less. Under the SQS-averaginmsghige actual stiening of the
Pt-Pt bonds in the alloy is found to be about 25% comparedagtiie Pt. The dftier Ni-Pt
bonds with respect to the Ni-Ni ones, as computed by the S@pijte of nearly same bond
distances, is the consequence of the fact that the Ni atomhsHexmuch larger Pt atoms as
their nearest neighbors, roughly within the same availapéee as that of Ni atoms as nearest
neighbors and as a result, the nearest-neighbor intersctiecome harder as the smaller Ni
atoms try to accommodate the bigger Pt atoms within the satene as that of their like
pairs.

In what follows, we calculate the phonon dispersion cunfdsigsPty 5 alloy using force
constants obtained by these three models of compositias@aider, the results of which are
presented in Fig. 5.2. The configuration averaging in casteeo5QS-averaging and the em-
pirical scheme are done by the ICPA. The results indicatetlieaSQS-ICPA shows the best
agreement with the experiments as compared to the CPA arehipeical-ICPA [91]. The
disorder-induced widths computed by the SQS-ICPA methoel §haded region in Fig. 5.2)
also agree reasonably well with the experimental results td be noted that the comparisons
with the experiments could be possible only for th@Q] direction because experimental re-
sults were not available for other directions. A closer |laikFig. 5.2 reveals that for the
low-frequency branches, the results of the empirical-IGIPA the SQS-ICPA methods are
in close agreement while there are significarftadences for the high frequency branches.
The mass-disorder treated in CPA, on the other hand, farspmduce the experimental fea-
tures of the dispersion relations both qualitatively andmgiatively. The frequencies of the
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Ficure 5.2: Phonon dispersion in piPt 5 alloy computed by the SQS-ICPA (solid line), the

CPA (dotted line) and the empirical-ICPA [91] (red diamondeethods. The circles indicate

the experimental results. The shaded regions indicateisioed#r-induced widths calculated
by the SQS-ICPA.

high frequency branches (both transverse and longitudioahputed by the CPA are severely
overestimated while the lower frequency branches extenith@lway to the zone boundary,
thus displaying a split-band behavior in the phonon digpasswhich is not observed experi-
mentally.

All these observations can be understood in terms of the-attamic force constants
(shown in Table 5.1) which in turn are influenced by the flutares in the local environ-
ments. In the CPA, the fluctuations in the force constantsamepletely neglected and hence
Ni-Ni, Ni-Pt and Pt-Pt pairs have the same force constamtsatlier studies [91, 156], the
force constants used in the CPA were those of pure Ni onesneldt@xperimentally [141].

In this study, we have used a more realistic set of force emtstfor the CPA calculations
which are®” = X2 -+ (1-x)20F  +2x(1- x) DY _ wherea, are the Cartesian
directions andk is the concentration of Ni. The? are the SQS-averaged force constants.

Such a choice of force constants have been used in orderdgimrate, in an average way,
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the dfects of alloy environment. The results, nevertheless, assighat unless the fluctuations
in the force constants are incorporated, the results do ven agree qualitatively with the
measurements. The frequencies of the upper branches afudimal and transverse modes
computed by CPA are too high as compared to the experimenits thie frequencies of the
lower branches are lower than the experimental ones. Thsomnebeing that the Ni-Ni vi-
brations dominate the higher frequency branches and thagedorce constants being too
high pushes the frequencies away from the ones measuredutypmneacattering while the
lower frequency branches being solely due to the Pt-Pt trdova have frequencies lower as
compared to neutron-scattering results because of theestdwation of the Pt-Pt force con-
stants. The empirical-ICPA results on the other hand aguaétgtively with the experimental
results because there is no split-band like behavior as e&sis the CPA. This is due to the
consideration of the Ni-Pt correlated vibrations whichaenalize the spectral weights asso-
ciated with the contributions from Ni-Ni and Pt-Pt pairs [9Moreover, the splitting around
¢, = 0.55, a signature of existence of resonance mode, is reprddae the frequencies of
the high-frequency branches came out to be better as cothfuatiee CPA. The Ni-Ni (Pt-Pt)
force constants in the empirical model as shown in Tablei® $@fter (harder) as compared to
the CPA ones explaining the reason for better agreemenegdttbnon frequencies computed
by the empirical-ICPA model with the experimental resultdowever, the overestimation
(underestimation) of the Ni-Ni (Pt-Pt) interactions andiacorrect qualitative estimation of
the Ni-Pt interactions as compared to the Ni-Ni ones gives to significant discrepancies
for the high-frequency longitudinal and optical branch&ke consideration of precise vari-
ations in the force constants between a given specie pahar5QS-ICPA method makes
the quantitative agreement between theory and experinmentt better as seen in Fig. 5.2.
The high-frequency branches for both longitudinal andsvanse vibrations computed by the
SQS-ICPA method agree substantially with the experimeastallts. The normal mode fre-
guencies for these branches are dominated by the vibratidhe Ni pairs and thus a soften-
ing of the Ni-Ni bonds as computed by the SQS pushes the freigeedownwards compared
to the empirical model making a better agreement with thegrpents. Similarly, the relax-
ations of the Pt atoms results in theff@ning of the Pt-Pt bonds, thus pushing the frequencies
slightly upwards. However, the high-frequency transvérsech computed by the SQS-ICPA
model is still overestimated. In the neutron-scatteringsueements [156], there were some
ambiguities in determining the peak positions of the lingps#s for the high-frequency trans-
verse modes and thus the experimental results for this briaad larger uncertainties. Given
this fact, the agreement between the theory and the expetitae be considered to be fairly
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good. Another noteworthy feature is that inspite of a qaéirely incorrect estimation of the
relative stifnesses of the Ni-Ni and Ni-Pt bonds in the empirical modelehs no significant
qualitative discrepancy between the results computed &\ethpirical-ICPA and the SQS-
ICPA methods. The reason behind this is that the vibratidméi-&t pairs only renormalize

the relative spectral weights associated with the vibretiof the Ni-Ni and Pt-Pt pairs. Since
the relative diferences in the dtnesses of the Ni-Pt bonds used in the two models are much
less compared to that for Ni-Ni bonds, the qualitative feadwf the phonon dispersions are
not afected.

5.4 Summary

We have developed a reliable first-principles based appréacthe calculation of phonon
spectra in substitutional disordered alloys to treat mésge constant and environmental
disorder on equal footing. We demonstrate in case @sRlys alloy, the importance of an
accurate structural model of disorder taking into accobatrble of fluctuations in the local
environment through atomic relaxations in interpreting thicroscopic features of the lattice
dynamics for these class of complex systems. The accuratielmg of the environmental
disorder made possible by the SQS paves the way for reli@siergbtion of phonon spectrain
alloys with short-range order where the force-constante®en a pair of specie is dominated
by a particular configuration of the nearest neighbor emrment around an atom. Since
the SQS produces numerous possible environments arounran simulating the fect of
short-range order on the bondfitiesses can be done by picking up the results of the desired
configuration and discarding others, an option not viabl&thng the results of experiments
or even first-principles calculations to an empirical moaelwas done in Ref. [91]. Thus, a
combination of reliable force constants obtained frommibea and ICPA as a self-consistent
analytic method for configuration-averaging enables usteesthe longstanding problem of
theoretical computation of lattice dynamics in disordeaitidys.
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Chapter 6
Conclusions

In this thesis, we have worked on the development of newpiisiciples based formalism to

compute lattice dynamics in substitutionally disordertolys. Such a formalism is essential
in state-of-the-art materials science research so as @ getper microscopic understanding
of the underlying physics in these systems. Here, we havdogieqh our methodologies to

provide a microscopic description of the lattice dynamasa wide variety of alloys.

In the introductory chapter, the role of lattice vibratiansvarious areas of interest has
been discussed in detail. This is necessary to establisimip@rtance of lattice dynamical
study. Thereafter, we have discussed very briefly the availexperimental techniques and
the necessary theoretical approximations and models vdretlessential to study lattice vi-
brations in solids. Finally, the concept of alloys has bed#roduced. We have provided a
brief illustration of some of the relevant issues which drdue significance in the calculation
of vibrational properties of alloys.

In the next chapter, we have discussed various methods forpethe all important con-
figuration averaging in substitutionally disordered sygsdevith main focus on the ICPA for-
malism which is a Green'’s function based multiple scattethreory with the ability to treat
mass, force constant and environmental disorder for &itibrations on equal footing. The
‘Augmented space formalism’ and its use in constructingseéléconsistent ICPA formalism
has also been discussed in great detail.
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Inspite of being an ideal tool to study lattice vibrationglisordered systems, a missing
key component in establishing the ICPA as an accurate armblelformalism, is its inte-
gration with a tractable structural model for positionaalider which can closely mimic the
fluctuations in the inter-atomic force constants in a randdloy. Since state-of-the-art first-
principles methods for disordered systems are computtiomery demanding, hence, we
have adopted étierent modelling strategy, employing results obtained fadminitio calcu-
lations, so that the inter-atomic force constants in rand@dioys can be computed with a
moderate computational cost. In chapter 3, we have disdubsedetails of density func-
tional theory (DFT) and density functional perturbatioeany (DFPT) which form the basis
of our first-principles calculations. Based on the obseovest of Ceder and co-workers that
force constants between a pair of species depend on bonthlalugne, we have devised a
modelling strategy for the random alloys wiEe,Pd;_, (X is concentration of Fe in the al-
loy) chosen as example systems. Such a modelling stratdgyugh improves upon previous
theoretical results available for these systems, howekiercrude approximations involved
in it has reduced its applicability for random alloys for iémry concentrations. An im-
proved modeling strategy has been realized by adoptingaheferable force constant (TFC)
model of Ceder and co-workers, which has been combined whathG@PA to formulate DFPT-
TFC-ICPA method, a new first-principles based methodologyompute lattice dynamics in
random alloys.

Chapter 4 has been devoted to the application of DFPT-TH&I@ethod for a wide
variety of binary alloys. Our motivations have beefielient for diferent alloys. FoFe,Pd;_
(xis concentration of Fe in the alloy) which are magnetic tyidloys, the calculated phonon
dispersion curves and elastic constants show excellee¢agnt with the experimental results
at low temperatures. However féeys0Pth 50, @ quantitative disagreement between the both
has been observed which could be due to non-incorporatiamptemperaturefect in our
calculations. In case of GwsPdh 85 and Cy75AUg 25 Systems, the role of size-mismatch of
end point components on the lattice dynamics has been igaésd in detail. In addition to
mass and force constant disorders, local lattice relandtas been found to play a crucial
role in these systems. On incorporation of bond length fatabns, the phonon dispersion
curves agree very well with the experimental results for aley Cuy715P 285 Whereas,
some discrepancies have been observe@tgrsAuy»s. A thorough investigation of the role
of different disorders present Duy7sAly 25 System and the available experimental results
for Cug97AlUg 03 andCugy o1 Al o9 alloys have revealed that our calculated results produee th
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correct qualitative trends and that the reliability of thgperimental results are questionable
for this system. We have also calculated the phonon dispecsirves folNi,Pt;_ alloys (xis
concentration of Ni in the alloy) over the entire range of cemtration. Good agreement has
been achieved between the theoretically calculated arekjerimentally observed results for
all concentrations except = 0.25. It has been found that the limitations in both theorética
calculations and experimental measurements could belpessiasons for the discrepancy
observed iMNig25P1ty 75 alloy specimen.

In chapter 5, in our quest for a model of positional disordeitisat éfects of random
environments can be incorporated in a better fashion, we Hdaveloped an improved first-
principles based methodology for the calculation of phospactra in substitutionally dis-
ordered systems. Our formalism, which is a combination eicsg quasi-random structure
(SQS) and the ICPA, treats the environmental disorder in ehnfagtter way as compared to
our previous schemes. We have demonstrated our formalissasa ofNigsPtys alloy, an
ideal candidate in which thedfects of disorders are most prominent. The better agreenfient o
our results with the experiments than the previous modetisufrder suggests that the pro-
posed formalism represents a better structural model afipoal disorder which determines
the inter-atomic interactions among various pairs of cloamspecies in a disordered alloy
environment much more realistically.

The extensions of the work presented in this thesis can bariows directions. These
include the applications of the DFPT-TFC-ICPA and the SQBA method to a variety of
problems. One immediate application of the SQS-ICPA mettmdd be to investigate the
effects of short-range order in the alloy systethsAuandNiPtin order to gain more insight
into the observed discrepancies between the theory andkgeziments. This, then, can be
extended to more such alloys where size-mismatch plays partant role.

Another possible extension could be in generalizing theAl @ multi-component alloys
with partial disorders. In the present thesis, we have usedérsion of the ICPA suitable for
disordered binary alloys only. However, many state-ofdhtematerials are multi-component
and are partially disordered. The phonon dispersions isefaloys have not yet been ex-
plored in details although microscopic understanding ofemals properties can be achieved
from their lattice dynamics. One such example is the shapmony alloys. Intensive in-
vestigations are going on in these systems in their diseddphases in order to obtain target
properties suitable for industrial applications [178-]L88or the stoichiometric counterparts
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of these systems, phonon spectra have been quite usefutlersianding the phase stabili-
ties in these systems [181, 182]. A generalization of theAl@fethod could, thus, become
a significant tool in investigating the relation between pi®non excitations and materials
properties in these systems. Construction of an SQS for thlé-component systems and
subsequent calculations of the force-constants could dalptively demanding. Therefore,
the DFPT-TFC-ICPA formalism may be quite tractable in thesses.

Another possible extension could be the study of latticeaglyies in systems with mag-
netic disorder. The interrelations between magnetism aadohonon excitations can shed
some light in understanding the properties of magneticesyst The role of magnetic dis-
order in understanding materials behaviour has been exempby the INVAR alloys, for
example [183-186]. Computation of phonon spectra in otheerrals with such disorders,
thus, may enable us to gain useful information regardirgfi@is between magnetism and the
lattice dynamics. Generalization of the SQS for magnesomier and subsequent application
of the SQS-ICPA technique as laid out in the thesis would balitbr this problem.
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