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Introduction

 Basic ideas of Density Functional Theory ( DFT )
 Approximations and implementation
 DFT in crystals, method of pseudopotentials
 Limitations of DFT
 Quantum Espresso package
 Electronic calculations on cobalt and iron antimony
 Density functional perturbation theory (crystal lattice 

dynamics)
 Phonon calculations of CoSb   and FeSb22 22



  

Quantum mechanics

Many-electron wave functionMany-electron wave function

Single electron termSingle electron term
(kinetic energy, nuclear (kinetic energy, nuclear 

charge attractive energy)charge attractive energy)

Many-electron termMany-electron term
(Coulomb interaction)(Coulomb interaction)
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3N-body problem3N-body problem Density functional theoryDensity functional theory



  

Density functional theory

Hohenberg, KohnHohenberg, Kohn::
Universal energy functional of the electron density exists Universal energy functional of the electron density exists 
and it has a global minimum in the ground state of the and it has a global minimum in the ground state of the 
systemsystem

Difficulties:Difficulties:
The form of universal functional is unknownThe form of universal functional is unknown
It can not be minimized in terms of electron densityIt can not be minimized in terms of electron density

  All properties can be expressed as a functional of electron densityAll properties can be expressed as a functional of electron density

  Functional                              is universal for for all systems ofFunctional                              is universal for for all systems of

  interacting particles  interacting particles



  

Kohn-Sham approach
1.  Replacing difficult interacting many-electron system with an Replacing difficult interacting many-electron system with an 
auxiliary system which is easy to solveauxiliary system which is easy to solve

2.  Problem of finding the universal functional reduce to finding of Problem of finding the universal functional reduce to finding of 
exchange-correlation functionalexchange-correlation functional

Kohn-Sham orbitalsKohn-Sham orbitals



  

Approximations of exchange-
correlation functional

1.  Local density approximation (Local density approximation (LDALDA), easy to generalize for ), easy to generalize for 
spin systems (spin systems (LSDALSDA))

2.  Generalized gradient approximation (Generalized gradient approximation (GGAGGA))



  

Example of      (LDA)

  It is calculated from the homogeneous electron gas using         It is calculated from the homogeneous electron gas using         
  Monte-Carlo methods (in principle functional is universal)  Monte-Carlo methods (in principle functional is universal)
  Most of the time problem is reduced to calculation of the          Most of the time problem is reduced to calculation of the          

  potential  potential

E xc



  

Algorithm

1.We start from the initial We start from the initial 
electron density and calculate the electron density and calculate the 
Kohn-Sham potentialKohn-Sham potential

2.  Solve the Schrodinger Solve the Schrodinger 
equation equation 

3.  Calculate new electron density Calculate new electron density 
and start from the beginning and start from the beginning 

Convergence condition:Convergence condition:



  

Density functional theory in crystals

  Main problem –Main problem – large number of electrons around the nuclei large number of electrons around the nuclei
  Inner electrons – Inner electrons – strongly coupled to the nuclei – well described strongly coupled to the nuclei – well described 

with atomic-like orbitalswith atomic-like orbitals
  Valence electrons –Valence electrons – weekly coupled to the nuclei, determine  weekly coupled to the nuclei, determine 

bounds between molecules, electronic, optical and magnetic bounds between molecules, electronic, optical and magnetic 
properties, etc. – well described with plane wavesproperties, etc. – well described with plane waves



  

Pseudo-potentials
Influence of all core electrons replace with pseudo-Influence of all core electrons replace with pseudo-
potential.potential.
Valence electrons are treated exactly.Valence electrons are treated exactly.

1s = “pseudo” 3s 1s = “pseudo” 3s 
(valence electrons) (valence electrons) 3s3s

Pseudo corePseudo core



  

Pseudo-potentials
Conditions for pseudo-potential to satisfy:Conditions for pseudo-potential to satisfy:

  All-electron potential and pseudo-potential must coincide All-electron potential and pseudo-potential must coincide 
outside radius of core electronsoutside radius of core electrons

  All-electron wave function and pseudo wave function must All-electron wave function and pseudo wave function must 
coincide outside coincide outside 
  Pseudo-potentials and Pseudo-potentials and 

pseudo wave functions pseudo wave functions 
are smoothare smooth



  

When DFT “works”

● It works excellent for metals and band insulators

● It works very well for semiconductors (with minor 
adjustments of pseudo-potentials even excellent)

● It does not describe Mott insulators and physics near the 
Mott metal-insulator transition (relevant for materials with 
partially filled f and d orbitals: cuprates, rare earth 
intermetallics and actinide, numerous transition metal 
oxides, iron based superconductors(?)



  

Quantum Espresso
http://www.quantum-espresso.org/http://www.quantum-espresso.org/

        Ground state calculationsGround state calculations
        Structural optimizationStructural optimization
        Ab-initio molecular dynamicsAb-initio molecular dynamics
        Response functions, e.g. lattice dynamicsResponse functions, e.g. lattice dynamics
        Certain spectroscopic propertiesCertain spectroscopic properties
        Quantum ballistic transportQuantum ballistic transport

  Runs on all major operating systems (Runs on all major operating systems (Linux, MacOS,                Linux, MacOS,                
  Windows  Windows))
  Runs on all architecturesRuns on all architectures



  

Input parameters for CoSb

Self-consistent calculation Self-consistent calculation ((pw.xpw.x):):

  &control&control
      calculation = 'scf',calculation = 'scf',
      prefix = 'CoSb2',prefix = 'CoSb2',
      wf_collect = .true.,wf_collect = .true.,
      pseudo_dir = './',pseudo_dir = './',
      outdir = './out_bare',outdir = './out_bare',
  //

  &system&system
      ibrav = 12,ibrav = 12,
      celldm(1) = 12.3607,celldm(1) = 12.3607,
      celldm(2) = 0.99451,celldm(2) = 0.99451,
      celldm(3) = 0.97589,celldm(3) = 0.97589,
      celldm(4) = -0.464069,celldm(4) = -0.464069,
      nat = 12,nat = 12,
      ntyp = 2, ntyp = 2, 
      occupations='smearing',occupations='smearing',
      smearing='mv',smearing='mv',
      degauss=0.01,degauss=0.01,
      ecutwfc = 50,ecutwfc = 50,
      ecutrho = 500,ecutrho = 500,
  //
&electrons&electrons
      conv_thr =  1.0d-10conv_thr =  1.0d-10
      mixing_beta = 0.7mixing_beta = 0.7
  //

22



  

Input parameters

  ATOMIC_SPECIESATOMIC_SPECIES
      Co   58.93320  Co.pz-nd-rrkjus.UPF Co   58.93320  Co.pz-nd-rrkjus.UPF 
      Sb  121.76000  Sb.pz-bhs.UPF Sb  121.76000  Sb.pz-bhs.UPF 
ATOMIC_POSITIONS crystal ATOMIC_POSITIONS crystal 
      Co      0.2183    0.2299     0.0005Co      0.2183    0.2299     0.0005
      Co      0.2817   -0.2299     0.5005    Co      0.2817   -0.2299     0.5005    
      Co     -0.2183   -0.2299    -0.0005     Co     -0.2183   -0.2299    -0.0005     
      Co      0.7183    0.2299     0.4995    Co      0.7183    0.2299     0.4995    
      Sb      0.3325    0.1534     0.6431    Sb      0.3325    0.1534     0.6431    
      Sb      0.1675   -0.1534     1.1431Sb      0.1675   -0.1534     1.1431
      Sb     -0.3325   -0.1534    -0.6431Sb     -0.3325   -0.1534    -0.6431
      Sb      0.8325    0.1534    -0.1431    Sb      0.8325    0.1534    -0.1431    
      Sb      0.1329    0.3511     0.3607Sb      0.1329    0.3511     0.3607
      Sb      0.3671   -0.3511     0.8607Sb      0.3671   -0.3511     0.8607
      Sb     -0.1329   -0.3511    -0.3607Sb     -0.1329   -0.3511    -0.3607
      Sb      0.6329    0.3511     0.1393Sb      0.6329    0.3511     0.1393
K_POINTS automaticK_POINTS automatic
      16 16 16 0 0 016 16 16 0 0 0



  

Lattice parameters of CoSb22

Symmetry:                Symmetry:                P2  /cP2  /c
Wyckoff positions:    Wyckoff positions:    Co, 4e (x,y,z)Co, 4e (x,y,z)
                                                                          Sb(1), 4e (x,y,z)Sb(1), 4e (x,y,z)
                                                                          Sb(2), 4e (x,y,z)Sb(2), 4e (x,y,z)
Lattice parameters:  Lattice parameters:  a=6.5051 Аa=6.5051 А
                                                                          b=6.3833 Аb=6.3833 А
                                                                          c=6.5410 Аc=6.5410 А
                                                                          ββ=117.65=117.65ºº
Pseudo-potentials:   Pseudo-potentials:   ultrasoft GGAultrasoft GGA
                                                                          Co, 4s   3d   4pCo, 4s   3d   4p
                                                                          Sb, 5s   5pSb, 5s   5p
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Electronic structure of CoSb22

eVeV

K-point gridK-point grid

CoCo



  

Relaxed parameters FeSb

Symmetry:                Symmetry:                PnnmPnnm
Wyckoff positions:    Wyckoff positions:    Fe, 2a (0,0,0)Fe, 2a (0,0,0)
                                                                          Sb, 4g (0,u,v)Sb, 4g (0,u,v)
Lattice parameters:  Lattice parameters:  a=5.859 Аa=5.859 А
                                                                          b=6.583 Ab=6.583 A
                                                                          c=3.812 Ac=3.812 A
                                                                          u=0.1882u=0.1882
                                                                          v=0.3554v=0.3554
Pseudo-potentials:   Pseudo-potentials:   ultrasoft GGAultrasoft GGA
                                                                          Fe, 3s   3p   4s   3d Fe, 3s   3p   4s   3d 
                                                                          Sb, 4d   5s   5pSb, 4d   5s   5p
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Electronic structure of FeSb
eVeV

K-point gridK-point grid
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Electron density of states of FeSb22
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Density functional perturbation theory 
(DFPT)

Born-OppenheimerBorn-Oppenheimer::

Problem can be reduced to:Problem can be reduced to:
  Solving of electronic system which depends on positions of nucleiSolving of electronic system which depends on positions of nuclei
  Considering system of nuclei in effective inter-atomic potential Considering system of nuclei in effective inter-atomic potential 

  determined by the electrons  determined by the electrons



  

DFPT



  

Normal modes in crystals
Harmonic approximation: second order expansion of interatomic Harmonic approximation: second order expansion of interatomic 
potential energy (independent LHOs).potential energy (independent LHOs).

Normal modes (frequencies and elongations) are determined Normal modes (frequencies and elongations) are determined 
from secular equationfrom secular equation

Dynamical matrix:Dynamical matrix:



  

Raman active normal modes
CoSb22



  

Raman active normal modes
CoSb22



  

Raman active normal modes
FeSb22



  

Phonon frequencies in the center of 
Brillouin zone FeSb22



  

Phonon dispersion and density of 
states
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