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Density Functional Theory (DFT)

Hohenberg-Kohn Theorem, PR136(1964)B864

e The ground-state energy of a system of
iIdentical 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.
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Theorem : The ground state properties of a many electron system are
uniquely determined by its electron distribution r(r).

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

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



Proof :

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

Suppose V, # ¥, +constant
Y =¥, HY =EY, HY,=EVY))

Suppose the ground state 1s nondegenerate, then
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1-2. Local Density Functional Approximation ( LDA)

1 ~ 73 ‘ exchange-correlation
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W. Kohn and L. J. Sham, Phys. Rev. B 140, A1133 (1965)




Homogeneous electron gas (plane waves)
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Local spin-density approximation (LSDA)
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Generalized gradient approximation (GGA)
g, [nﬁ’n] =¢_(n(r), Vn(F))



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*C|n] ... interaction of the electrons with their own exchange-correlation
hole n,. defined as (p» 1s the two-particle density matrix)

P2(7,5:7.,8") = ng(F)(ng (7)) + nye(F,5:7,5"))



Spin-polarized LDA (LSDA-GL)

E*[n(7)] = /H(F}EI-{- [n(F)]dr,
Exchange-functional (for spin-polarized systems,

n(7,T) # n(F, ), n=ny+ny)
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with €/ =¢, (np =ny = n/2) for the paramagnetic (non-spinpolarized) and
Ef = €¢(ny = n,n| = 0) for the ferromagnetic (completely spin-polarized)
limits of the functional.

Correlation functional e.[n(F,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.
E:E.GA[HT,HH = [n"[‘ f(np(r),ny(r), Vis(r), Vi (r)),

Exchange correlation potential:

dEx [n] v dfxe [n]

Vieln(r)] = 3n(r) 3(Vn(r))

The gradient of the density is usually determined numerically.



GGA-PWIl

Exchange energy:
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1-3 First-principles Calculation Method

(i) Plane Wave : ( PSElldt}[][ltEIltldl Method )

T{Aj iG, T

Ifk(? ) — r‘ ZF?( } ’ _EL-.I Ilr ' 4 _'.:"_‘n1.: r':u...-

By
C

Use pseudapotenhal to replace the effect of the core electron

(ii) Muffin-Tin Method : LAPW, LMTO, FPLAPW , FPLMTO

e -‘ . |
all electron OQ ()= oo T plane waves
( )( ) )= spherical
- n Z}f{r;f Iif“mRﬁ'f (F) (m (9‘* ¢) i

continuous at harmonics

boundaries
(iii) Atomic Orbital : LCAOQO, Tight Binding Method
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Self-consistent field (SCF)
calculations

mixing: Linear, Broyden, ...

/

e Vi(r) and Vxo(r) depend on ri(r)
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Construct Hy; matrix and diagonalise

e But we are trying to find {v;(r)} and
[ Caleulate Ngg(r)] the corresponding energy levels — we
need self-consistency
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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: )

- HKS theorem not valid for excited states — bz
semiconductors and insulators are always underes

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 d- and f-bands
- Many transition-metal compounds are Moti-Hubbard or charge-transfer
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 ot 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

* Delocalized s and p electrons : LDA

e Localized d or f electrons : +U
using on-site d-d Coulomb interaction
(Hubbard-like term)
U nn
Instead 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

N Server |140.109103.201:4 -]
C
— Encryption: | J
About.. ‘ Options... ‘ Ok ‘ Cancel ‘

4. key-in your vnc password

W Username: | u]i
_c Fassward: | ﬂ




/" WHNC viewer for Java - Microsoft Internet Explorer

é_ﬁ-éﬁﬂjv & http:fflle.lDQ.lDB.EUw = [#2][x] [Googte Pl

fEEE wmEE R0 BRIEREQ TEO HEH
P - @ o E'ﬁ‘” v | Signln -

ﬁ E'ﬁ' & VN viewer for Java | | @ v hd @ - @%E]E@v @Iﬁ@v S
REAL

: ¥NC Viewer: Connection Details m
l"."'NC I=3=1i=1 1"-1-|:|1|:|91|:| ED].:].
‘ Ahout... | Options.) ok | Cancel
\

Java Applet Window

Google| 8 - v | Search ¢

WG viewer for Java version 4 04
Copyright (C) 2002-2003 RealyMC Lid.
See hitpthwwte realvnc.com for infarmation an WM.

Log file is /hnome/cms1/.vnc/hcserver.cluster:l.log

-
TR L R |R100% ~




= YNC: hcserver.cluster:3 {gnest)

| [questBheserver guesf]$ xmgraces File Edit Data Plot Miew Window
1 7683
uest@hcserver guest [P GO: X, ¥ = [-0.0735234, 0.222669]

server.cluster, :3.0, Untitled

Java Applet Window




xmgrace

How to use xmgrace to draw lmes ?

%xmgrace filename (default *.dat)

L]
File Edit Ozla PFol  Wiew ‘Window

[&0: =, » - (110703, 2581 B2

Dt

P
- Si Bulk

£l 5 1DOS
4| 1] | Bl | | | | I | a
AuioT L

HEIEIEY

T =
SEREEE|E

[




How to import a data file ?

Eile Ed'rt Eata Plat  Wiew ﬂindnw

B il operations...

Draw__ | Transfomations >

{\l Asl Feature esfraction..

Z| 2| || - T

Expuort

]

Flltar

fdatadAcieungfoptic s;‘siﬁaulkﬁ‘

Filter TN

fdatadrtoleungdoptic srsi—tﬁnkf".dail )

Directories Files
‘datadstcleunadopticsssi- bulks, 5] By
fdatadfcleunoiopticadsi- bulks..
7 i
1=l I~ | B

Chdir to: - Cwd _l|

Set as o |

Read to graph:

BEEES

Directaries \-—-'/

‘dataddcleungsopticsdsi-bulks,

fdataifeleungfopticsdsi- ol

I~ — =
Load as | Single zet = Sattype: MY =
Flles
CHG Ay : .
.
CHECAR Data source: Disk. < Pipe
CORTCAR
DOSC AR autoscale on read: | XY
EIGENLP;I'__,..--"""—
EF3 '
IBZKET Gelzclion
- IMCAR v \\fdataﬂftt:leungmpticsfsi—bulk.{
o< | Fiter | Cancel Help




How to set the Titles and the Viewport ?

Plot | Miew  MWindow

Graph appearance...
Sel appearance.. |

&5 properties...

LOad parareters. .
Save paramelers. .

File  Edit

Graph:

fedain ] Titles I Frarme I Leg. b-:uxI Legendsl[ Special ]

— Presentation

¥y graph 1 | LI Stacked chart

)—|
a0
=
(]

—Titles —3

Title: | W bulg

Subtitle: I JDOS

— Wievsport

Hrin: | 015 Mma= | 0.6

|

S min: ||:|_z Ymas | 085

— Digplay options
W Cisplay legend L Flip 3% (MNA)

‘ ‘ Apply Accept | Close




How to set Line properties [ e ca opons "
Symbol properties, Legend 7 seectset

Eg Miews  Window

T [ 7
Flot appearance...
= PR I""I |-
iSraph BAMANCE. .. .
S V htain ] Syrmbols ] Line I Ann. values | Erar barsl
Sel appearance...
tds properties.. Sel presentation
Load parametars... Type: A wd | /-\
é fars
ave parameters..
= P — aymbat propeies . i

Ty pk: Hone = |

black =

I Annotate values W Display error bars




How to analyze the data ?

Eile Edit Eata Elut Eie ﬂindnw

G0 :’:. W= [EI Diata et EpErEltlU

Craue

]

Transformations o R

il iI Feature extraction.. Eualuate EXprassion...
Elﬂ Impart - Histograms...

Erport . Fourier fransforms. .
:lil 60 RUNMNING Yerages..
illl Differances...

Seasonal differences...

Integration. .

= | =
c |E
a | =
\i\:

Interpolationssplines...
Regression...
4() — Men-linear curve fiting. .

Correlationfcovariance..,
Drigital filtar...
— | LInear conyoluton...

28 B E
BIE(ED

Geormetic fransforms. ..

oy

it sample points..

20 -

Prune data .




How to save the result (*.agr) 7 FEESSSS—

.-"dataS.-"b:Ieungfupticsfsi—bulkﬁ“.agt{
Dlrectories Flles
flataditcleuncyopticssi- HUIk. [ -] A
\ fatadtcleunciopticsssi- hulks..
Flle | Eait Data FPlot ¥
---------- 951
M ey Ctrl+M 8
Cpen... Ctrl+ O
\§ave Cirl+3
SAYE 85 / /

Il |~ ==

Fevertto saved

Print setup.. B | |
Erint i Chdirto; | Cwd =3 Set as owd
- Exit Cirl+i Froject description:
T [t
- . Fi
You can use the following = ¥
statement to redraw the results. T Data. format: | %.8g

seleciion

0 . : : .
A}Xlngl ace —]d(}s' agl fratzdrcleungsopticsssi-Dulksd os:




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

3 File  Ontions Help
1-5“““. ‘“ﬁumh_u_ggﬁizijifp
File | Edit Data Plot View Device: EPs = | Device options..
____________ W
- Mew Ctl+ME__ - —Dutput
Open... Ctr+0
Up i | S
Save Cti+3 4
SAVE 85 T Jrini puanian, ||p -L
2 -\‘Ragarttn zaved
Frint setup... File nama: | JDOS eps Erowse...
Print cip | O
/"Epjit Ctil+Q —Fage

Orentaton: | Landscape &4 | Size: | Lefter _||

Dimensians: Iaauu_uu % Izaan.nn pix

Resolution [dpi): I 300

— Fants

6

1 Enahle fant antialiasing

W Use device fonts

"'\r‘

apply | accept | Close




Optimize lattice constant

eVicell 717
-0.69
-0.7
-0.71
-0.72
-0.73

_D‘?‘q_ | I L1 1 I |
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 CrO, as a function of volume, ¢/a 1s fixed
at 0.664. The total energy 15 relative to —4805.0 Ry/unit cell.
The experimental unit cell volume is 385 a.u.”.



Working list

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

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
total energy (EO in OSZICAR)

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

Redo 5.43*1.01, ..., 5.43*1.05, record the total
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 Emaill 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 total energy (E) vs lattice constant
(A) plot using xmgrace for Si(Dia) and C(Dia)
with LDA and GGA

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



