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CQa What is a functional ?

@ A function f maps one number x to one number y.

y= f(z) example: y= f(z)= 2>

@ A functional A maps one function f to one number y.

y=Alf(x)] example: y = A[f(x)] = / da f (z)?
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A functional derivative ?

@ Functional derivative:
Let’'s modify the function f by a tiny increase d f localized at z¢ : 6 f = ed(x — z0).

@ Let’s now evaluate the variation of A[f(z)] = [ dzf(x)?:
Alf(z) +6f1 - Alf(=)] = /d:v[f(:v) +ed(z — 20)]* - f(2)?
/d:va(a:)e(S(:c — o) = 2¢f(x0)

o More generally, if A[f(z)] = [ dzg(f(z)) where g is a function, one have:

Alf (@) +0f] = Alf(2)] = eg'(f(w0))

The functional derivative is the variation of A divided by e.

6A _ Alf(x) +6f] — Alf(x)]

o = : =9 (f(z0))
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How to compute functional derivatives

@ Functional derivatives of complex functionals can be computed just by a simple
derivation, using at the end the simple rule

3f (=) Y O
TETI
e Example 1: A[f(z)] = [ dzg(f(z))
A [ )
5f(xo) /d 3 f(wo)

[ a4t 516
@) 8f(wo)

[ dag' (5@t - a0)
g'(f(zo0))

We recover the previous result
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How to compute functional derivatives (2
b (2)

@ Example 2: the classical energy of a distribution of charge

Bitarireeln(0)] = 3 / drdrfM

r—r|

JFE 1 iy’ S(n(r)n(r’)) 1
/d d on(ro) |r—r’|

% / drdr’ { 5n(?)n(r’)+n(r) 5”(“)} !

on(r on(ro) | |r —r/|

% /drdr' [6(r — ro)n(r") + n(r)s(r — ro)]

— % {/dr'n(rl)‘m l_r/‘ +/dm(r)ﬁ}
/drn(r) o 1_ Tl

v —r/|
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The many body Hamiltonian and wavefunction

@ In the Born Oppenheimer approximation, the electronic Hamiltonian is:

N

1 1 1
H(ri,ro..ry) = Y [-Vi +vext(r)]+ - > ———
-1 2 ) 217&) ‘I‘,‘*I‘]“
H = T + Vne + V:ae

vext IS the external potential (due to nuclei).
@ The eigenvectors are normalized wavefunctions

U(ry,ra,..rN)

which depends on 3N spatial and N spin coordinates. It is a quantity that
contains a huge amount of information.
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The electronic density from the many body wavefunction
cea ! el

@ The electronic density can be written as the expectation value of the density
operator a(r) = N | §(r —r;).

n(r) = (¥|a(r)|T)
5 [V
I et ]
i=1
3 2
N Z///m/drldr?dr?’"'drN“I’(rhI‘2, I‘37...,rN)‘ 5(r —r;)
i=1
N
= Z/...//.../dr1...dri—1dri+1...dr1v)\If(rl,...,ri_l,r,ri+1...,rN)
i=1

= N///drgdrg,...aer|lI!(r,1'2,1'3,...,rN)\2

because of the antisymmetry of the wavefunction.
@ The integral of the density is the number of electron

N = /n(r)dr

’ 2
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The total energy from the many body wavefunction

The variational theorem shows that the ground state (GS) energy Eqg of the system
can be obtained by minimization of the energy as a function of W.

Egs = min(V|H[¥) = min[(¥|T[¥) + xmzvexf )| 0) 4+ (U] Vee| )]

N
//dr1 drN‘\I!rl,rg,r;g,..., )‘ quext(ri):|
i=1

N
and (U] vext (r:)|P)

=1

N 2

= Z/../drl...drN‘\Il(m, ..... ,ri,...,rN)’ Vext ()
i=1
N 2

= Z/../dr1...drN‘\I/(ri, ..... ,rl,...,rN)’ Vext (')
i=1

N 2
= Z/../drl...drN‘\I!(rl, ..... ,rl-,...,rN)’ Vext (1)
i=1
2
= N/../drl...dl‘N’\I/(rl,I'Q,rg,...,I'N))
/drvext(r)n(r)

using as before the antisymmetry of the wavefunction.

Vext (I'l)
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The total energy from the many body wavefunction

@ Thus

Bos = min(U|H|¥) = min[(V|T]¥) + / drvese (1)n(r) + (0| Vee | 9)]
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Without electronic interactions
Ccea

@ Without electronic interactions, the Hamiltonian would be a sum of one particle

hamiltonian.
N

1
H(ri,ra...ry) = Z[—ivfi + Vext (ri)]
i=1

@ In this case, the many body wavefunction can be written as a product of one
particle wavefunctions ¢;(r;):

U(ry,r2,...ry) = H ¢i(rs)

@ The density can be written as the sum of probability density of each electron.

n(r) = ///.../dl‘ldl‘gdrg.‘.dl‘N’\I’(rl,I'Q,I'g,...,I‘N)‘2 {ié(rri)}
n(r) = ///.../drldrgdrg...drl\;’1;[¢j(rj ‘ |:ZXN;6 (r—r; ]

N N
nw = 3 [anifouro[ s —r) x TT1 = Y i)

i=1 jAi i=1
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Without electronic interactions

@ The total energy is :
EEDS interaction — <\IJ|H|\I/>
= <H¢j<rj)|H\H¢j(rj>>
= Hd)f rj) Z —1V2 + Vext (r)] Hd’j r;))
— _,Z/d) v d)l r)dr+Z/drvext(T |¢z ‘

- Z [6:@v26i1ar + [ adrvess(wne)

@ In this case, the many body Schrddinger equation can be decomposed into N one
electron equations :

[—%V2 + vext] pi(r) = €igi(r)
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The Hartree approximation

@ Hartree (1927) proposed to keep the electronic interaction but to write the many
body wavefunction as the product of one particles wavefunction.

(I'17I'2,.. rN) = H(z)z rz

@ The total energy (¥|H|¥) can be written as

2
EHartree _Z/¢j(r)%¢i(r)dr+/drvext(r)n(r)

Kinetic

1 L2y 10i(0) 2[5 (x)]?
5//drdr T

electron electron interaction

@ If one uses the variational principle to compute the ground state energy, one finds
that the one particle wavefunctions are solution of the Hartree equation:

[ *V +'Uext(r)+/dr Z|¢j(r )*€z¢z( )
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The Hartree Fock approximation
cea -

@ As electrons are fermions, the Hartree many body wavefunction should be
antisymmetrized to obtain:

$1(r1)  ¢i(rz) - di(rN)

1 |2(r1)  ga(rz) - @a(rw)
\I/(rl,rg,....rN):m : : . .

én(r1) oén(r2) -+ on(rn)

@ If one uses this wavefunction to compute the ground state energy, one finds:

Bt Fook = 257 [ 61099 26u(0)dr + [ Vs (910(0) + Bitartrecln(v)]

1 , [ 97 ()87 (r)97 (x/)$57 (x')
1y [faan ( o )

i#5,0

@ The last term is the Fock energy which comes from the antisymmetry of the
wavefunctions. It explains in particular the first Hund’s rule.

cf also the lecture of Eric Bousquet on Magnetism.
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CQa How to go beyond

@ The configuration of interaction (Cl) method consists of using all possible
determinants starting from the occupied and empty eigenfunctions of the Hartree
Fock equation.

biy (r1)  piy(r2) -+ @iy (rn)

M Gin(r1)  dip(r2) - Giy(rN)
U(ry,ra,...ry) = Z Ciyia,..in : : . .
i1izein=1 : ; . :

: Gin(r1)  Gin(rs) o iy (rn)

@ The coefficients C;, 4,,...i,, can be computed only for small systems. Indeed, the
number of coefficients is equal to where M is the dimension of the
Hilbert space.

M!
NI(M—N)I*

@ Intractable for solid state physics and large molecules.
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DFT: density functional theory ?
@ Whatisit ?
@ The total energy is a functional of the density ?
@ A trial density or the density of the GS ?
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DFT: First Hohenberg and Kohn Theorem (1964)

@ For a system with a potential vext (r), One can in theory solve the Hamiltonian:

H(I‘l,rg ..... Z[—*v +’Uext(r1 + - Z

#7 |r; — rj‘

@ and find the ground state wavefunction ¥gs(r1,r2,...,rN):

H(ri,ra....rn)¥(ry,ro,...ry) = EV(ry,ro, ...xrN)

@ From the wavefunction, the ground state density ngs(r) can be computed. It is
unique

n(r) = (¥|a(r)|¥)

Schrédinger
Vext(r) ———> ¥gs(ri,r2,..,ry) — ngs(r)
@ Thus the ground state density is a functional of the external potential.

nas(r) = n(r)[vex: (r)]
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DFT: First Hohenberg and Kohn Theorem (1964)

@ The first Hohenberg Kohn Theorem establishes the inverse relation:
For any system of interacting particles in an external potential vext(r), the
potential vext (r) is determined uniquely, except for a constant, by the ground state
particle density n(r).

n(r) L} Vext ()
e Thus the external potential is a functional of the ground state density.

Vext (r) = Vext (r) [n(r)]

o As the wavefunction ¥ g is a functional of vext (r), it is also a functional of

the density.
Vas(r1,r2, ..., tn) = ¥[n(r)]
HK Schrédinger
n(r) ————— Vext(r) — > ¥qas(ri,ra, ..., ry)
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DFT: Second Hohenberg and Kohn Theorem

@ A universal functional for the energy E[n(r)] in terms of the density n(r) can be
defined, valid for any external (fixed) potential vext (r).
@ From the many body wavefunction, one saw previously that:

E e (0[] = (V[H[W) = (V[T|V) +/drvexc(r)n(r)[‘1’] + (V[Vee| W)

@ The second Hohenberg theorem says that:

B gy [(6)] = (U ITIWn(]) + [ drvess () (r) + (0] Ve Wl ()

where ¥[n(r)] has to be understood as ¥ [vext [n(r)]].

@ Thus, one has the following universal functional that does not depend on vext:

Fak[n(r)] = (Y[n(0)]|T1¥[n(r)]) + (¥[n(r)][Vee[¥[n(r)]) = T[n(r)] + Eee[n(r)]
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DFT: Second Hohenberg and Kohn Theorem (2)

@ For any particular fixed vext (r), the exact ground state energy of the system is the
global minimum value of the functional, and the density n(r) that minimizes the
functional is the exact ground state density ngg(r).

@ From the variational principle, one saw previously that:
BGS vene(e) = mn(VIH1IW) = min |(F[T19) + [ drvesa (yn(r)[7] + (7 Vecl )

@ As ¥ is a functional of the density n(r), one has the second part of the
Hohenberg-Kohn theorem

Basveum) = 1m0 B (nn(x)]
= r”r%lrx; <\I/['n,(r)]|T|\Il[n(r)]>+/drvextn(r)+ (U[n(r)]|Vee|¥[n(r)])

This is the variational theorem for DFT.
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Cea Kohn Sham method

@ Kohn et Sham introduced a fictuituous non interacting system with the same
density as the interacting system.

N
(r) =D |i(x)|?
i=1

@ The universal functional Hohenberg and Kohn can be decomposed as

FHK[TL(I'H =Ts [Tl(l‘)] + EHartree [n(r)] + Exe [n(r)]

@ T[n(r)] is the non interacting kinetic energy functional for the fictuituous system
Ts[n(r)] Z/d) ¢i(r)dr

@ FEuartree[n(r)] is the Hartree energy (or electrostatic energy).

BEyartree[n(r)] = //d dr s n(r)n(r’)

v —r’|
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The exchange and correlation energy

@ Exc[n(r)] is defined by
Exe[n(r)] = Fuk[n(r)] = Ts[n(r)] = Enartree [n(r)]

and is called the exchange and correlation energy and is unknown.

@ Using the expression of Fak [n(r)] = T[n(r)] + Eee[n(r)], one can rewrite
Exc[n(r)] as:

Exc[n(r)] = T[n(r)] — Ts[n(r)] + Eee[n(r)] — Enartree[n(r)]

@ Ex[n(r)] thus contains both a part coming from electron interactions and a part
coming from the difference between the exact kinetic energy and the kinetic
energy of the fictuituous non interacting system.
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The Kohn Sham Equations
cea -

@ The total energy expression as a function of ¢(r) is

Eop. [n(r)] / 7 (1) i (x)dr+ / drvet (1) (£)+ Ertartres [2(2)]+ Exc [0 (r)]

and can be mlnlmlzed.
@ One obtains the one electron Kohn-Sham Equations

[,V; + va(r)] #i(r) = eigi(r)

@ The effective Kohn Sham potential Vg (r) is defined as the functional derivative
of the last three terms of the energy:

n(r’)
| —r/|

Vis(r) = vext (r) + /d ' + Ve (r)

@ The exchange and correlation potential vxc(r) is

0 Exc[n(r)]

vxe(r) = on(r)
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The self-consistency over electronic densit
cea Y Y

@ The Kohn Sham equation are:

{_%2 + VKS(r)] ¢i(r) = €igi(r)

@ The effective Kohn Sham potential Viks(r) depends on the density n(r).

VKS (I') = Vext (I‘) + UHartree [n’<r>](r) + UXC[”O‘)] (I‘)
@ The density n(r) can be compute from wavefunctions on the ¢;(r).
N
n(r) = |¢i(r)?
i=1

@ The Kohn Sham equations for the wavefunctions can thus be solved
self-consistently.
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The self-consistency over electronic densit
cea Y Y

@ The Kohn Sham equation are:

2
_% + Vis[n()](r) | ¢4 (x) = eii(r)

@ The effective Kohn Sham potential Viks(r) depends on the density n(r).

Vks [72(1‘)](1‘) = Vext (I‘) + UHartree[n(r)](r) + Uxc [77,([‘)](1')
@ The density n(r) can be compute from wavefunctions on the ¢;(r).
N
n(r) = |¢i(r)?
i=1

@ The Kohn Sham equations for the wavefunctions can thus be solved
self-consistently.
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The DFT Loop

Solve Kohn Sham Equations
2
[—VT + VKs[n,(r)](r)] ¢i(r) = €;¢i(r)

Use Kohn Sham functions to built density
n(r) = i 16i())?

Compute Kohn Sham potential from density
Vics [2(r)](r) = vext (r) 4 vHartree [2(r)](r) + vxc[n(r)](r)
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The DFT Loop

Solve Kohn Sham Equations
2
[—VT + VKs[n,(r)](r)] ¢i(r) = €;¢i(r)

Y

Use Kohn Sham functions to built density
n(r) = i 16i(r))?

Compute Kohn Sham potential from density
\ Vis[n(r)](r) = vext(r) + vHartree[(r)](r) + vxe[n(r)](r)

@ The Kohn Sham Equations are solved by diagonalisation of the Hamiltonian

@ One very convenient and simple way to express the equations is to express the
wavefunctions in a plane wave basis and use Fourier transformation:

® 6i(r) = L clyeiCr
@ cf next lecture of F. Jollet.
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The DFT Loop

Solve Kohn Sham Equations
2
[—VT + VKs[n,(r)](r)] ¢i(r) = €;¢i(r)

Use Kohn Sham functions to built density

n(r) = DN |¢i(r)]?

Compute Kohn Sham potential from density
\ Vis[n(r)](r) = vext(r) + vHartree[(r)](r) + vxe[n(r)](r)

@ The density is the sum of occupied wavefunctions
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The DFT Loop

Solve Kohn Sham Equations
2
[—VT + VKs[n,(r)](r)] ¢i(r) = €;¢i(

r)

[

Use Kohn Sham functions to built density
n(r) = i 16i())?

Compute Kohn Sham potential from density

Vigs[n(r)](r) = vext (r) + VHartree[2(1)](r) 4 vxc[n(r)](r) €

@ The density used to compute the KS potential can be mixed.

@ The simplest solution: nnew = Mnew +

(1 - O‘)nold

@ When |nnew — no1a| < tolerance, the cycle is stopped.
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Expressions for the total energy

@ We use the expression of the total energy from Hohenberg and Kohn

Eln(r)] = Fax[n(r)] + / drvex (£)n(r)

@ Then we use the expansion of Fyk which defines Exc

Fuk[n(r)] = Ts[n(r)] + Enartree[n(r)] 4+ Exc[n(r)]

@ Thus

E[n(r)] = Ts[n(r)] + Edartree[n(r)] + Exe[n(r)] + / drvext (r)n(r)

@ Then we use the definition of T:

Tufn(r) Z/¢, ¥ piw)a
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-~ Expressions for the total ener
cea =

@ The total energy writes:

By [n(r)] Z/d) r)dr+/ drvext (r)+ Enartree [1(r)] 4 Exc[n(r)]

@ It can also be written as a sum over Kohn-Sham eigenvalues ¢; minus double
counting terms:

N
Buea 0] = Y & = Bitartreo[2(6)] + Bxeln(v)] ~ [ drve()n(r)
1=1

@ It can be demonstrated using the fact that:

€i

-

<
Il
—

V2
Z((bz‘ - 7 + ‘/ext(r) + 'UHartree(r) + ch(r)‘(ﬁi)

.MZ
Lo
Il

s
Il
=

2
—Z/ﬁ(l‘)%@(l‘)dr—k/drvext(r)n(r)
+ 2EHartree[n(r)} +/drvxc(r)n(r)

@ These two expressions are implemented in ABINIT.
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From total energy: forces
cea =

@ Forces, stresses can be obtained by differentiation of the total energy
@ Phonons can be obtained as the second derivative of the total energy

cf lecture by G. Geneste about relaxation effects and lecture by X. Gonze and B.
Dorado about phonons with DFPT.
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The Local Density Approximation (LDA)

@ In the local Density Approximation, one writes the exchange and correlation
energy as

EEPA ()] = [ (el = n(r))dr

where ¢ ILFG (7)) is the exchange and correlation energy per electron in the
homogeneous electron gas (HEG) of density 7

@ As each point r in the integral, the expression uses the exchange correlation
energy of an HEG of density 7 = n(r).

@ The exchange part of the functional can be calculated analytically.

@ The correlation part can be obtained numerically using quantum Monte Carlo
calculations.
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The Generalized-Gradient Approximation.
cea P

@ A natural progression beyond LDA could be to include gradient of the density in

the functional.
ESGA[R( /f ), Vn(r))dr

@ A large number of variants exists based on the gradient and also on various
physical sum rules. (Perdew Wang 1991, Perdew Burke and Ernzerhof 1996...).

@ The LDA and GGA functionals gives a surprisingly good description of cohesive
and structural properties of solids made from elements of the first lines of the
periodic table.
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Beyond LDA and GGA

DFT is exact for ground state properties. But which functional should we used ?

@ Spin density functional theory: (e.g LSDA). Allows to describe more easily spin
polarized systems.

@ Hybrid functionals: Add a portion of Hartree Fock exchange energy to the GGA
functional — Partially correct the self interaction error of LDA and GGA.

o LDA+U, GGA+U: Add explicitly interactions between strongly correlated electrons
(transition metal/lanthanides/actinides).

@ Van der Walls functionals (Semi empirical or ab initio).
@ More that 250 functionals are available in ABINIT thanks to libxc.
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Beyond DFT

DFT only describes ground state properties. Excitations can be described by other
methods

@ For weakly correlated systems, excitations can be described by e.g GW, or
TDDFT.

@ For strongly correlated systems, DFT+DMFT allows for the description of
excitations and structural properties.
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