CMS I1I-2: Density Functional
Theory (DFT) and local-density
approximation (LDA)

Horng-Tay Jeng
( )

Institute of Physics, Academia Sinica
May 10, 2007



Outline

Density Functional Theory (DFT)
local-density approximation (LDA)

Exchange-correlation energy
functional

Limitations of LDA
Attempts on improving LDA



Density Functional Theory (DFT)

Hohenberg-Kohn Theorem, PR136(1964)B864

 The ground-state energy of a system of
identical fermions is a unique functional of
the particle density.

e This functional attains its minimum value
with respect to variation of the particle
density subject to the normalization
condition when the density has its
correct values.



Hohenberg and Kohn
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Theorem : The ground state properties of a many electron system are
uniquely determined by its electron distribution rn(r).

=>» All ground state properties of the many electron system are
tunctional of n(r).

E, [”] T [”] o Hohenberg and Kohn,
Phys. Rev. B 136, 864, 1964



Proof :

Suppose there are two V(7)) ( ¥, and V, ) have the same n(r).

Suppose V, # I/, +constant
Y =Y, (HY,=EY, HY,=EVY))
Suppose the ground state 1s nondegenerate, then
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Total energy functional
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1-2. Local Density Functional Approximation ( LDA)
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W. Kohn and L. J. Sham, Phys. Rev. B 140, A1133 (1965)
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Quantum Monte Carlo tech. ( Ceperly) ¢&.
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Local spin-density approximation (LSDA)
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Generalized gradient approximation (GGA)
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Exchange-correlation functional

E*[n] accounts for the difference between the exact ground-state energy
and the energy calculated in a Hartree approximation and using the
non-interacting Kinetic energy 7y [n].

E*[n] = T[n] — Ty[n] + U™ [n]

T|n], To|n| ... exact and non-interacting Kinetic energy functional
U*“[n] ... interaction of the electrons with their own exchange-correlation
hole n,. defined as (p» 1s the two-particle density matrix)

P2 (7, s 7, .’5") = ny(7)(ny (?‘f) + 1y (7, ,5-;}*’15’))



Spin-polarized LDA (LSDA)

E¥“[n(r)] = /H(F)EI-{- [H(F)]u’j‘r;
Exchange-funcrional (for spin-polarized systems,
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with e/ = x(nmp=np = n/2) for the paramagnetic (non-spinpolarized) and
Ef = €¢(ny = n,n| = 0) for the ferromagnetic (completely spin-polarized)
limits of the functional.

Correlation funcrional e.[n(7,1),n(7,])] fitted to the ground-state energy of
a homogeneous electron gas calculated using quantum Monte Carlo
simulations and similar spin-interpolations.



Generalized Gradient
Approximation (GGA)

General semilocal approximation to the exchange-correlation energy as a functional of
the density and its gradient to fullfill a maximum number of exact relations,

ESOA [y, :[u"[‘ f(ny(r),ny(r), Ve (r), Vi (r)),

Exchange correlation potential:

dEx[n] v dEx[n]

Vieln(r)] = on(r) W

The gradient of the density is usually determined numerically.



GGA-PW91

Exchange energy:
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Correlation energy:
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1-3 First-principles Calculation Method

(i) Plane Wave : ( Pseudﬂputentml Method )

T{Aj iG,

uk(r)—\rznc pch

Use pseudopotential to replace the effect of the core electron

(ii) Muffin-Tin Method : LAPW, LMTO, FPLAPW , FPLMTO
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(iii) Atomic Orbital : LCAO, Tight Binding Method
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Self-consistent field (SCF)
calculations

e Vi(r) and Vxe(r) depend on rnir)
Choose njr)
il Ny (T )=l (T )+ ; : £
(1) T-a)(r) e n(r) depends on {;(r)}
Construct Hy,, matrix and diagonalise

e But we are trying to find {v(r)} and
the corresponding energy levels — we

e need self-consistency
/ H‘-‘-“-‘-\- ' ..
(T =nyr? T N0

et

| Calenlate ngy(r)|

[ Caleulation finished |




Insufficiencies of LDA

Poor eigenvalues, PRB23, 5048 (1981)

Lack of derivative discontinuity at integer
N, PRL49, 1691 (1982)

Gaps too small or no gap,

P

S
P

RB44, 943 (1991)
nin and orbital moment too small,

RB44, 943 (1991)

Especially for transition metal oxides



e Band-gap problem: ;

| . - . e
- HKS theorem not valid for excited states — bi=
semiconductors and insulators are always undere:

Possible solutions: - Hybrid-functionals lead to

- LDA+U, GW, SIC increase correlation gaps

e Overbinding:

- LSDA: too small lattice constants, too large cohesive energies. too high
bulk moduli

- Possible solutions: - GGA: overbinding largely corrected (tendency too
overshoot for the heaviest elements)

- The use of the GGA 1s mandatory for calculating adsorption energies. but

the choice of the “correct™ GGA is important.



e Neglect of strong correlations
- Exchange-splitting underestimated for narrow - and f-bands
- Many transition-metal compounds are Mott-Hubbard or charge-transter
insulators, but DFT predicts metallic state
Possible solutions: - Use LDA+U, GW, SIC, ...

e Neglect of van-der Waals interactions

- vdW forces arise from mutual dynamical polarization of the interacting
atoms — not included in any DFT functional

- Possible solution: - Approximate expression of dipole-dipole vdW forces
on the basis of local polarizabilities derived from DFT 77



Attempts on improving LDA

Self-interaction correction (SIC)
PRL65(1990)1148

Optimized effective potential method (OEP)
Hartree-Fock (HF) method, PRB48(1993)5058
Time-dependent density functional (TDDFT)
Quantum Monte-Carlo method (QMC)
Dynamical Mean Field Theory (DMFT)

GW approximation (GWA), PRB46(1992)13051,
PRL74(1995)3221

_ DA+Hubbard U (LDA+U) method,
PRB44(1991)943, PRB48(1993)16929




LDA+U PRB44(1991)943, PRB48(1993)169

e Delocalized s and p electrons : LDA

e Localized d or f electrons : +U
using on-site d-d Coulomb interaction
(Hubbard-like term)
Uz . nin,
iInstead of averaged Coulomb energy
UN(N 1)/2
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1. login your account, change password of vnc (X-window) server:
%vncpasswd

2. Start vncserver:

%vncserver

Log file is /Thome/cms1/.vnc/hcserver.cluste
3. Open vnc viewer on your PC
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bl
N Sarvar [140.109.103201 4 =
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4. key-in your vnc password
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xmgrace

How to use xmgrace to draw lines ?

%xmgrace filename (default *.dat)

=

File Edit DO=zla Pol  Wiew Window
[0 =, v - 11 0708, 468182

N2 g
1%

S 5[1= 1
=i
%

IR
1
%
i@




How to import a data file ?

File Edit | Data

GV = pgta e operations...
Do Transformati ons o

&Iﬂl Fealure extraction..

Impart [
Fllter P /

&
SdataddAcleungsoptic s;'siﬁ:uulk.-"‘ \

Directaries \"-—"‘/

Flles

/il atadteleung/ootic oLk
fdatadfeleunglfopticersi- bulks.

||

CHG
CHGCAR
CORTCAR
DOSCAR

EIGEMYAL
EFs Pl

IBZKPT

IMNCAR

] I

Filter P
.fdataa.-"tl:Ieungfupticsfsi—tblk.-’*.daﬂ )
PR

Directories Files

‘i ataddcieuncopticsdsi- hulks. [2]
fdataddclennoiopticsdsi- hulks.

& i

I I~ | B

Chdir to: | Cwed _l|

Setas owd |

Read fo graph:

Load as | Single set Settypa: LA = |
fal|
J Data source: # Disk < Pipe
Autoscale on read: | XY 4
-
delzction
fdataaftt:leungfupticsfsi—hulkf
d \ L
ok | Fiter | Cancel Help




How to set the Titles and the Viewport ?

Plot | Miew  Window

Graph appearance...
el appearance..
Bs properies..

NN

Load parameters. ..
Save parameters. .

— Wiewspaort
Qi >

Crace: raok Aoeearates

File  Edit Help |

Graph:

- -
hdain ] Titles ] Frame I Leg. t:u:uH] LegendsI Special ]

— Presentation

Type: #Y ograph 43 | | Stacked chart

p—————

.
T|tle_i‘_,

Title: I W ohulk

Subtitle: | ADOS

Hmin: | 015 Hmas | 0.0

Ymin: | 0.2 Ymax | 0.65

— Display options

W Dizplay legend L Flip 3% (MA)

‘ | Apply Accept | Close
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How to set Line propertieS | e es opions "
Symbol properties, Legend 7 ssectset

Eg Migur  Windows

¥ Flol sppearance. . E B = {
Graph appearance...J/ hdain ] Symbols ] Ling ] Ann. values | Error bars I
Sel appearance..
."3'.51'3 perErtiES... Set prESEntaﬂDn
Load parameters. . pre: Wy ] | /-\
Save parameters. . e ; ; G

Typt: MNane =

]

— Legend
String: I Joos

| #nnotate values I Display error bars




How to analyze the data ?

Go: Y =139

Drata set Operationg...

-
2

Transformations N e

3I iI Fealure extraction.. Ewaluate exprassion. .
;lil Irmport .| Histograms...
Erport o Fourier fransforms...
:lﬂ 60 Running averages. .
ilﬂ Differences...
T Seasonal differences...
LIt | =
| Integration...
Autao
—I Interpolationssplines...
Regression...
4() — Mon-linear curve fiing...

Correlation’covariance. .
Digital filter...

-0

EEEL

o LY

SEEE

[ | Linear conkolutior...

Geotmettic ransfarms...

7

Sample points...

Prune data .
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Qpen... Ctrl+ 2

\.§ave Ctrl+3
Save as.

Fevartto saved

Frint setup...

Frint Chil+F
| Exit Clil+@
=‘|‘|—

You can use the following

Filtar

.-"dataS.-*b:Ieungfupticsfﬁi—bulkﬁ*.agt{

Dlrectorles Flles
‘olatadAcleunc/optics/si- hulks. [z] RS
fdataddcleunciopticssdsi- hulks.

7 1%
=1 I~ |

Chdir to: | Cwd | Set as l:wdl

Froject description:

= I -

I

I~

statement to redraw the results. T Data format: | 5.6y

%xmgrace jdos.agr

seleciion

rdatadstcieungropticsssi-bulksjdos




How to print out the result (*.eps) ?

3 File  Options Help
] \ “\WP
File | Edit Data Plot View Device: EP5 = | Device options..
"""""" 39]
o Hew Ctrl+H — Output
Qpen... Ci+0
=F i W g o dia
Save Ctl+3 4
SAYE 85, Tl e consnian, ||F' -C
2 -\Aﬂegerttn saved
Frint setup... File name: | JDOS eps Erowsa...
Frint cuer | Ol
/"Ep_qit Cli+0 —Page

1
6 Orentation: | Landscape & | Size: | Lefter .||

Dimensions: Iaanu_nu % Izaan.nn pix =
Resolution [dpi: I 300
— Fonts

I Enakle fani antialiasing

W Usgo device fonts

\?

LN

Apply | sccept | Close




Optimize lattice constant

eVicell 1 rrr 17T
-0.69
-0.7
-0.71
-0.72
-0.73

_DF‘q_ 1 I L1 1 I 1
360 380 400 420 440

cell parameter Volume (a.u.*/unit cell)

Equilibrium lattice constant

Energy (Ry/unit cell)

Fig 1. Total energy (lower), total and local Cr spin magnetic
moments (upper) of CrQ, as a function of volume, ¢/a 1s fixed
at (0.664. The total energy 15 relative to —4803.0 Ry/unit cell.
The experimental unit cell volume is 385 a.u.”.



Work list

Setup bulk calculation for Si(Dia) using sufficient
K-points, and experimental lattice structure as
Input

Vary the lattice from —5% to 5% and redo the

bulk calculation to find out the equilibrium lattice
constant of Si(Dia)

Setup a convergent bulk calculation for Cu(FCC)

Find out the equilibrium lattice constant for
Cu(FCC) using LDA and GGA



Optimize the Si(Dia) lattice
constant

Revise the lattice constant in POSCAR by
5.43*0.99, redo the bulk calculation to obtain the
cohesive energy

Redo 5.43*0.98..., 5.43*0.95, record the
cohesive energies

Redo 5.43*1.01, ..., 5.43*1.05, record the
cohesive energies

Plot the energy (E) vs lattice constant (A) plot for
Si(Dia) using xmgrace



LDA vs GGA

e Setup a convergent bulk calculation for
Cu(FCC) using LDA

* Find the equilibrium lattice constant for
Cu(FCC) using LDA

* Redo the calculations using GGA
approximation by using GGA
pseudopotential (potpaw GGA) and

adding a new line in INCAR:
GGA =91




Homework
please Email to jeng@phys.sinica.edu.tw

» Using sufficient k-points to find out the
equilibrium lattice constants of Si(Dia) and
C(Dia) and compare with the experimental
lattice constants

« Make a cohesive energy (E) vs lattice
constant (A) plot for Si(Dia) and C(Dia)
using xmgrace

 Make a E-A plot for Cu(FCC) using LDA and
GGA



