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Abstract

Progress has been made in the experimental deteation of the phonon bant
structures of some materials, and further progreissexpectec Therefore an accurat:
determination is clearly desirabl

In this paper, we studied the phonon band structsref some FCC metals (Al, N
and some BCC metals (Na, Nb) with the help of QUADNI ESPRESSO packag
which is based on the density functional ttry (DFT) within the local density
approximation (LDA). The result obtained compare Viarably to other works ir
literature.

The motivation is to assess the power of the cad¢éhe computation of phonon
beginning with wellknown materials, such as Al anNa.

1.0 Introduction

A phonon is a collective excitation in a periodiastic arrangement of atoms or molecules in cosgmatter, such i
solid and some liquids often referred to as quasdiges [1]

Phonons play a major role in many of physical properties of solids, including thermatialectrical conductivity o
materials. The study of phonons is an important plsolid state physic

The phonon concept was introduced in 1932 by thesian Physicist Igor Tamm. The name phonon ¢ from the
Greek word pwvip (phorg), which translates as sound or voice because-wavelength phonons give rise to sound

The study of sound gives rise to acoustics whiadniterdisciplinary science that deals with ttuelg of all mechanice
waves in gases, liquids and solids including vibratisound, ultrasound and infrasound. The applicadfoscoustics can k
seen in almost all aspects of modern society vghrmost obvious being the audio and noise contrhidtries. Phonons ci
be studie using a computational technique called QUANTUMPRESS(

In 1964, Hohenberg and Kohn [3] published a papeere they stated the fundamental theorem which bate to
modern density functional theory (DFT), one of #pproaches for dealing with manody problem in electronic structu
theory. DFT is a quantum mechanical theory usgzhiysics and chemistry to investigate the electrstrigcture (principall
the ground state) of many body systems, in padicatoms, molecules and the condensed |s .With the help of this
theory, the properties of a many electron systembmadetermined by using a functional (functioranbther function). i
this case the properties are determined as spatiabendent electron density and hence the namesity functional
theory”. DFT is the most popular and versatile rodthvailable in condensed matter physics and caatipogl physics fo
the determination of electronic and other grouratesiproperties of matter. The conceptual rootsOiBil was laid by
ThomasFermi model [4] but was put on firm footing by thkhenber-Kohn (HK) theorems. The original -K theorems
held only for nonrdegenerate ground states in the absence of madiedticalthough they have since been generalipe
encompass them. The firstikitheorem demonstrates that the ground state prep@f a man-electron system are unique
determined by an electron density that dependsnbnthree spatial ¢-ordinates which reduces our problem to 3 spati-
ordinates from 3N spatial co-andites for N body problem because of the use ositiefunctional. This theorem can
extended to the time dependent domain for the dpwetnt of time dependent density functional thedédyfirst sight, it
would seem that many ground state wave funs could yield the same density and therefore stédement seen
unrealistic. But it can be shown that for a giveound state densit7z (77}, there is a unigue one to one correspond
between the potential#), the many body ground state wave func'¥ (1. - - ., 7 )and the ground state charge den
7:-(7). The second Hk theorem defines an energy functional for theaysand proves that the correct ground state efe
density minimizes this energy functional.
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Density functional theory has become the work hdnselectronic structure calculations. Its succgesves from the
ability to produce accurate results with reasonaolmputational effort. The drawback of DFT is tlitais bound to the
ground state properties. However, the time depdndEil extends its applicability to the excited s&atDFT can be bett
understood with reference to the KoSham equations .Important insight into the propsrtif many particle systems can
obtained from the study of effective norteracting particle models. With t

Kohn-Sham approach to DFT, the interacting system ofighes in a static potential is replaced by a-interacting
system of particles in an effective potential. Bonor-interactirg particle system with Hamiltonian H, ground stdémsity
n.(7), external potential ¥7), the Schrodinger equation can be writte

hz

— —l—L‘;{F}J @i (F) — ecpa(7)

{ 2im (1.1)
which yields the orbital'$?i that reproduce the dens 7= (7} of the original manyody system, i.

a Faty
ef .
(7@ L () =D (M2
i (1.2)

The effective singlgrarticle potential can be written in more deta

- — — € ns[r‘ } A _r
Vi) = v + [ D Vieona () w3

where the second term on the rigifatad side o(1.3) denotes the strlled Hartree term describing the elec-electron
Coulomb repulsion, while the last terix«: is called the exchangmrrelation potential. Here Vx¢: includes all the

many-particle interactions. Since the Hartree term . ¥« depend on?= (7} which depends 0|¢z', which in turn
depend onvs, the problem of solving the Ko—Sham equation has to be done in a seifsistent way. Usually one sta

with an initial guess fo2 (7), then calculates the correspondvs and solves the Koh8ham equations fc ‘;bt'. From
these, one calculates a new density and starte.aghis procedure is then repeated until convergesaeached. A nc-
iterative approximate formulation called Harris ¢tional DFT is an alternative apjach to this tim-dependent DFT.

If we apply the HK theorem to this non interacting system, we findttthere is at most one external potenti(#) to
within a constant which generates the der 7z (7). Therefore for a given ground state deng#y.7), all the properties of
the system are determined. Thus one can writeothkdnergy as a functional of charge densityhafollowing manne

Blpl = Tulp] + [ dr ve (5)p(0) + Vialp) + Biclp] w4

Vext IS the externlgpotential acting on the interacting system why is the Hartree (or Coulomb) energy, giver

T f e faw GO0 (1.5)

and E. is the exchangeerrelation energy. The Ko—Sham equations are found by varying the total gnexgressiot
with respect to a set of orbital’s to yield the Kk—-Sham potential as

ey o2 o) ESNV)
Verr (1) et (T) 4 € lr — |d + Sy (1.6)

where the last term in (1.6) isvgn by

_ OExclp]
vee(F) = =502 (L.7)
It is this KohnSham equation which is solved using the QUANTUM REBS(
Package in order to determine the properties obgsten
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1.2 Acoustic and Optical Phonons

w (k) optical
acoustic
—mSa o k . fa

Fig. 1.1: Dispersioncurves in linear diatomicchain [5].

Solids with more than one type of at— either with different masses or bonding strengtls the smallestinit cell,
exhibit two types of phonons: acoustic phonons@ptetal phonon:

Acoustic phonons are coherent movements of atorttsedattice out of their equilibrium positions. & displacement ¢
a function of position can be given by wx). If the displacement is in the direction of pagation, then in some areas
atoms will be closer and further apart in others, as isoaind wave in air (hence the name acoustic). Disphents
perpendicular to the propagation direction is coraple to waves in water. If the wavelength of atisushonons goes t
infinity, this correspods to a simple displacement of the whole crystad, this costs zero energy. Acoustic phonons ex
a linear relationship between frequency and phamave vector for long wavelengths. The frequenciegcoustic phonon
tend to zero with longer wavelgih. Longitudinal and transverse acoustic phonarsodten abbreviated as LA and -
phonons, respectively.

Optical phonons are out of phase movement of thmsin the lattice, one atom moving to the left] & neighbour t
the right. This occurs ifhe lattice is made of atoms of different chargemaiss. They are calleoptical because in ionic
crystals, such asodium chloride they are excited binfrared radiation The electric field of the light will move eve
positive sodium ion in the direction of the fielhd every negative chloride ion in the other dicegtsending the crysl
vibrating. Optical phonons have a npero frequency at the Brillouin zone center andwshe dispersion near that lol
wavelength limit. This is because they correspand mode of vibration where positive and negatiresiat adjacent latti
sites sving against each other, creating a -varying electrical dipole momenOptical phonons that interact in this w
with light are callednfrared active. Opical phonons that arRaman active can also interact indirectly with light, throu
Raman scatteringOptical phonons are often abbreviated as LO a@dpfionons, for the loiitudinal and transverse mod
respectively.

When measuring optical phonon energy by experinaptical phonon frequencie . are often given in units cm *,
which are the same units as the wave vector. Tdligevcorresponds to the inverse of wavelengtl of a photonwith the
same energy as the measured phonon [5]. TI™ is a unit of energy used frequently in the dismergielations of bot|
acoustic and optical phonons.

1.3 Density functional theory
In recent physics literature, a large majority lodé £lectronic structes and band plots are calculated using DFT.

calculated bands are in many cases found to bgreeement with experimentally measured bands, obdaifor example, b
angleresolved photoemission spectroscopy (ARPES). Itiquéar, the band shape ispically well reproduced by DFT. Bi
there are also systematic errors in DFT bands wtmmpared to experiment results. In particular, D§dems tc
systematically underestimate by about4% the band gap in insulators and semicondudiis. is, in princple, an exact
theory to reproduce and predict ground state ptigsefe.g., the total energy, the atomic structete,). However, DFT not
a theory to address excited state properties, asithe band plot of a solid that represents thiéagin erergies of electrons
injected or removed from the system [6]. What ia literature is quoted as a DFT band plot is agsgmtation of the DF
Kohn-Sham energies, i.e., the energies of a-interacting system, the Kohlbham system, which has no physi
interpretation at all. The Koh&ham electronic structure must not be confused thihreal, quasiparticle electronic struct
of a system, and there is no Koopman's theoremirwlbr Kohr-Sham energies, as there is for Har-Fock energies,
which canbe truly considered as an approximation for quatigla energies
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Despite recent improvements, there are still diffies in using density functional theory to prdgedescribe
intermolecular interactions, especially van der Waéarces (dispersion); charge transfer excitatidransition states, global
potential energy surfaces and some other strorghglated systems; and in calculations of the bgapin semiconductors.
Its incomplete treatment of dispersion can advgrséiect the accuracy of DFT in the treatment o$teypns which are
dominated by dispersion or where dispersion conspsignificantly with other effects (e.g. in bio raoules) [6]. The
development of new DFT methods designed to overabisgproblem, by alterations to the functionabgrthe inclusion of
additive terms, is a current research topic [7].

2.0 Methodology

All computations have been performed using the QuarEspresso 4.2.1 package [8]. This package deeslculation
within the density functional perturbation theoBFPT), using a plane wave basis set and pseudotjzite

The code Pw.x is used to calculate the electronit @omic structure. The phonon code ph.x calcsil#te normal
modes at a given g-vector, starting from the diea produced by pw.x with a simple self consistiéit (scf) calculation.
The code g2r.x reads the D(q) dynamical matriceglyied in the preceding steps and Fourier-transfonem, writing a file
of interatomic force constants in real space, up ttistance that depends on the size of a gridhafctprs. The program
matdyn.x may be used to produce phonon modes agddncies at any g using the interatomic forcetaondile as input.
However, plotting of selected quantities are dorénhy by post processing or plotband codes. Thieamads the data files,
extracts or calculates the selected quantity aed trites it into a format that is suitable fortileg. The output is written to
a file in a simple format that can be directly rémdplotting program plotband.x. Unpredictable plotay result if K-points
are not in sequence along the lines.

3.0 Results and Discussion

For the self consistency field (scf) a kinetic aff energy of 30Ry was used to generate the plaagest The
convergence tolerance for each of the calculai®AsOE-10. A K-point mesh of 36 was sufficientyteld good convergence
for all the calculations. This was done within freeme work of DFT, DFPT using LDA and undergo pagtization [13].

It was found that the maximum deviation from thetgbkes place in the vicinity of the first Brillmuzone [9]. This
region lies nearly at half the distance of thetfpsak in the structure factor. The choice of tinacsure factor plays a major
role in the study of phonon dispersion curve ofatset

This work deals with the computation of the phomiispersion curves of some metals, viz Na, Ni, N8 Ahwith the
aim to explore their K-points and pseudo potentélitheir structure factor, i.e BCC and FCC struesu

The constants and parameters used in the computati® obtained by following the calculation procedu The
computed phonon dispersion curve and structur@rface also shown for Na, Al, Nb and Ni in Figsl, 3.3, 3.5, and 3.7
respectively.

Fig. 3.1 shows the phonon dispersion for Sodium) (Natted along points of high symmetry in the tfios irreducible
Brillouin zone. There are three Acoustic Band whidrrespond to the single Atom in the unit cell.eyhare, Two
Transverse Acoustics (TAL1,TA2) and One LongitudiAabustic (LA). The first two (2) lines from the ttom are the
Transverse, while the single line on top is theditrminal. Fromrl' - X bands TA1, TA2 and LA degenerated till aboatfh
way to X bands. If" - K direction no degeneracy occurred as the limee seen separated at K, bufatL direction TAL,
TA2 degenerated and all the waves converged andsa

In Fig. 3.3,the Aluminum(Al) phonon dispersion slsothat TA1 and TA2 degenerated but cross LA waaléway to
I - W band and' - L band, a band softening was observed at at@ré’on L-bands, W-bands and X-bands.

Fig. 3.5 shows the Niobium (Nb) dispersion curvéI'’A H direction degeneracy occurred for TA1 and Twa&ve on
both sides, but at about 230¢rhoth TA1, TA2 and LA wave degenerated. Softeniragwbserved on LA wave at about
350cm. AtT - N band on both sides degeneracy only took fiateeen TAland TA2 waves.

Fig. 3.7 witness a similar acoustic behavior fdviekel (Ni) phonon dispersion, were Bt X bands direction TAland
TA2 waves degenerated and crosses the X band at aB@cn. In ther - K direction no degeneracy occurred at all as the
three waves were seen separated.

Comparing these works with the experimental redudt® references [10], [11] and [12] we observe thay follow the
same pattern and trend.
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Fig. 3.2: Phonon dispersion curve for Na [1(
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Fig. 3.8 Phonon dispersion curve for Ni [12]

4.0 Conclusion

It was observed from this work that the dispersidrthe phonons in Na, Ni, Nb and Al, exhibit aciudiehavior
extending to a large wave vector transfer regidre gomparison of the results from this work witattbf the work of [10]
indicate good agreement. Thus, in the absencepsraxental results, such calculations may be cemnsitlas reliable guides
for further theoretical or experimental investigati
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