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Linear Response Approach

System subject to an external perturbation
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Generalities of Linear Response Approach

Linear Response Approach

Definition of polarizability
~1 1
e " =1l+vy

X is the polarizability of the system
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Linear Response Approach

Polarizability

interacting system 0n = x0 Ve

non-interacting system 0n,_; = X% Vior
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Generalities of Linear Response Approach

Linear Response Approach

Polarizability

interacting system 0n = x0 Ve

non-interacting system 0n,_; = X% Vior
Single-particle polarizability

O = Z 0i(r)¢; (r)o; (r')o;(r')

w— (e —¢€)+in

i

hartree, hartree-fock, dft, etc.

¥ G.D. Mahan Many Particle Physics (Plenum, New York, 1990)

v
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Linear Response Approach

Polarizability

interacting system 0n = x0 Ve

non-interacting system 0n,_; = X% Vior

unoccupied states

) GBS ()
i Z w— (i —¢) + in

5

m
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Linear Response Approach

; Zcbf(r)cbj-‘(r)cbf(r’)cbj(r’)

w— (e —€)+in
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Linear Response Approach

; Zcbf(r)cbj-‘(r)cbf(r’)cbj(r’)

- w— (e —€)+in

Abs = Im (x") = >_ |(1DII*6(w - (§ — €)))
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First approximation: IP-RPA

Absorption Spectrum of Silicon

IP-RPA
60 T T T T T

w(eV)
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Linear Response Approach

How to go beyond x° 7 J
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nse Approach The Bethe-Salpeter equation

Many Body Perturbation Theory

Hedin's equations

¥(1,2) = i/d(34)G(1,3)ﬁ(3,2,4)W(4, 1)

G(1,2) = G°(1,2)+/d(34)G°(1,3)Z(3,4)G(4, 2)

[(1,2,3) = 6(1,2)0(1, 3)+/ d(4567)§§& 2; G(4,6)G(7,5)(6,7,3)

P(1,2) = —i/d(34)G(1,3)G(4, 1M (3, 4,2)

W(1,2) = v(1,2)+/d(34)v(1,3)/5(3,4)W(4,2)

v
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Generalities of Linear Response Approach The Bethe-Salpeter equation The EXC Code

Many Body Perturbation Theory

Hedin's pentagon
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Many Body Perturbation Theory

Polarizability P is irreducible

on

B .
0 Viot '

Vtot - Vext + VH
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Many Body Perturbation Theory

Polarizability P is irreducible

Vtot - Vext + VH

on _ on

P

Ve T Ve
X = P 4F lBVX
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Generalities of Linear Response Approach The Bethe-Salpeter equation
[e]e]e] lelelelele)

Many Body Perturbation Theory

Polarizability P is irreducible

Vtot - Vext + VH

=~ 5” ) 5n —
F= O Vot ' X Vo P,I,G = time-ordered
2, F X°x = retarded
X =P+ Pvy
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Generalities of Linear Response Approach The Bethe-Salpeter equation Results
o]

Spectra in MBPT

Spectra in IP picture

unoccupied states

IP-RPA
Abs = Im \°

occupied states
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The Bethe-Salpeter equation
[e]e]e]e] Telelele)

GW-RPA

Abs = Im 2,

X(G)W =P =—-iGG

occupied states

v
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Spectra in MBPT

The Bethe-Salpeter equation
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Results
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Spectra in MBPT

2 = 3 HOG)

w— (€ — €)

4
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Spectra in MBPT

; i(r)0; (r)gi (r')d;(r')
=2 w— (& —¢)
Y
0o i(r) 9 ()9 (r')e;(r)
Xew ZJ: o — [(Gi + A) — (ej + Afwﬂ
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The Bethe-Salpeter equation
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ectra in GW-RPA

Absorption Spectrum of Silicon
IP-RPA vs GW-RPA vs exp.
60 - T - - . : -

0
!

Im

Im (%"}
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Generalities of Linear Response Approach The Bethe-Salpeter equation Results The EXC Code

0O0000000e

Spectra in MBPT

GG Polarizability

P(1,2) =—i G(1,2)G(2,1T)
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The Bethe-Salpeter equation

Spectra in MBPT

GGI Polarizability

P(1,2) = —i/d(34)G(1,3)G(4, 11)F(3,4,2)

-
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The Bethe-Salpeter equation
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© The Bethe-Salpeter equation

@ Definition of BSE
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Bethe-Salpeter Equation

[(1,2,3) =6(1,2)6(1,3)+

+ / d(4567)§§g: 3 G(4,6)G(7,5)7(6.7,3)
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Generalities of Linear Response Approach alpeter equation Results The EXC Code

Bethe-Salpeter Equation

Towards the Bethe-Salpeter
~ oy ~
=14 —GGI
36

-_—
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Generalities of Linear Response Approach peter equation

Bethe-Salpeter Equation

GGl = GG + GG%GG?

-_—

The Bethe-Salpeter Equation Francesco Sottile



Bethe-Salpeter Equation

Towards the Bethe-Salpeter

. 5T .
P14 °2%66f
e

. 5T .
GGF = GG + 662E eGP
T SsE
- )
L=1"+1"=1L
th5e
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Bethe-Salpeter Equation

Towards the Bethe-Salpeter

=14 3G
elelf = ele - GG%GG?
L=1°+ Log—él
[(1234) = [°(1234) + L°(1256)§§$g; L(7834)
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Generalities of Linear Response Approach eter equation Results

Bethe-Salpeter Equation

Towards the Bethe-Salpeter Equation

From electron and hole propagation ...

1°(1234) = G(13)G(42)

v
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s of Linear nse Approach The Bethe-Salpeter equation Results

Bethe-Salpeter Equation

Towards the Bethe-Salpeter Equation
From electron and hole propagation to the electron-hole interaction

[(1234) = L°(1234) + L°(1256) - Gggg L(7834)

S /
e%h

e d

-

v
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Generalities of Linear Response Approach

Bethe-Salpeter Equation

Irreducible form of the Bethe-Salpeter equation

5%(56)

66(78)1(7834)

[(1234) = [°(1234) + L°(1256)

v

Reducible quantity

L=1+1LvL

\
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The Bethe-Salpeter equation
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Bethe-Salpeter Equation

Bethe-Salpeter Equation

5¥(56)
5G(78)

L(1234)=L°(1234) + L°(1256)| v(57)5(56)6(78)+ L(7834)
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Bethe-Salpeter Equation

Comparison with Linear Response quantities

on(1)

X(lz) B 5 Vext(z)
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Bethe-Salpeter Equation

Comparison with Linear Response quantities

on(1)

X(lz) B 5 Vext(z)

[(1234) =
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Generalities of Linear Response Approach ter equation

0000

Bethe-Salpeter Equation

Comparison with Linear Response quantities

x(12) = 3

5Vere(2)
5G(12)

L(1234) = 57,30
ext

v
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Generalities of Linear Response Approach ter equation

0000

Bethe-Salpeter Equation

Comparison with Linear Response quantities

x(12) = 3

5Vere(2)
5G(11)

[(1133) = 57, (33)
ext

v
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Generalities of Linear Response Approach ter equation

0000

Bethe-Salpeter Equation

Comparison with Linear Response quantities

on(1)

X(lz) B 5 Vext(z)

L(1133) = —53;(3()3)

v
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The Bethe-Salpeter equation

0000000 @0000000

Bethe-Salpeter Equation

We have the (4-point)
Bethe-Salpeter equation.
And now ?
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The Bethe-Salpeter equation

0000000 0e000000

Bethe-Salpeter Equation

First point: Choosing ¥

5% (56)

L(1234)=L°(1234) + L°(1256) v(57)6(56)8(78) + 5= ey

1(7834)
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Bethe-Salpeter Equation

First point: Choosing

5¥(56)

L{1234)=L°(1234) - L°(1256) v(5T)3(56)8(78)+ oy

L(7834)

Coulomb term

¥.(1,2) = iG(12)v(21)

= Time-Dependent Hartree-Fock
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Bethe-Salpeter Equation

First point: Choosing

5¥(56)

L{1234)=L°(1234) - L°(1256) v(5T)3(56)8(78)+ oy

L(7834)

Y W(1,2) = iG(12)W(21)

= Standard Bethe-Salpeter equation
(Time-Dependent Screened Hartree-Fock)
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Bethe-Salpeter Equation

Choice of ¥ = GW

Everything should be coherently chosen
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Bethe-Salpeter Equation

Choice of ¥ = GW
Everything should be coherently chosen

=> ground state calculation —  ¢;, €;

= Ggs i crealririw) o W(rr,w) = cgpav

= X(r,r,w) = [duw' Gs(r, ¥, )W(r, v w+ )
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Generalities of Linear Response Approach eter equation

Bethe-Salpeter Equation

Choice of ¥ = GW

Everything should be coherently chosen

—> ground state calculation — ¢, ¢;

; -1 _ a0
= Grs i rpalnr,w) o W(rr,w) =cgpav
= X(r,r,w) = [duw' Gs(r, ¥, )W(r, v w+ )

:>E,‘:E,‘+A,GW ’ @Z),”igb,’
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Bethe-Salpeter Equation

Choice of ¥ = GW

Everything should be coherently chosen

—> ground state calculation — ¢, ¢;

; -1 _ a0
= Grs i rpalnr,w) o W(rr,w) =cgpav
= X(r,r,w) = [duw' Gs(r, ¥, )W(r, v w+ )

= E=6+A%W ;. ¢
= GWV(r,r, w)
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Bethe-Salpeter Equation

Choice of ¥ = GW

Everything should be coherently chosen

—> ground state calculation — ¢, ¢;
= Gt i frealnriw) o W(nr,w) =egpv
= X(r,v,w) = [ dw GRs(r, v, )W (r v w+ )
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Bethe-Salpeter Equation

Choice of ¥ = GW

Everything should be coherently chosen

—> ground state calculation — ¢, ¢;
= Gt i frealnriw) o W(nr,w) =egpv
= X(r,r,w) = [du'GW(r,r, W )W(r,r,w+ ')

= E=6+A%W ;. ¢
= GWV(r,r w)
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The Bethe-Salpeter equation

Bethe-Salpeter Equation

oY
[ =104 [0 1L
-+ v+5G
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Generalities of Linear Response Approach ter equation

0000

Bethe-Salpeter Equation

3 5[GW]
L = (::(:; an <:;<:; [\/ — "“;;‘Zif——'] L
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Generalities of Linear Response Approach ter equation

0000

Bethe-Salpeter Equation

L=GG+GG[v—W|L

ow
Approx. — =
= Approx e 0
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The Bethe-Salpeter equation
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Bethe-Salpeter Equation

L=L"+1°[v—W]L
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The Bethe-Salpeter equation
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Bethe-Salpeter Equation

Bethe-Salpeter Equation

L(1234) = L°(1234)+
+ 1°(1256) [v(57)6(56)(78) — W(56)6(57)(68)] L(7834)
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Generalities of Linear Response Approach ter equation

000

Bethe-Salpeter Equation

Bethe-Salpeter Equation

L(1234) = L°(1234)+
+ 1°(1256) [v(57)0(56)8(78) — W(56)d(57)0(68)] L(7834)

Intrinsic 4-point equation

Correct!
It describes the (coupled) progation of
two particles, the electron and the hole !
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Bethe-Salpeter Equation

Bethe-Salpeter Equation

L(1234) = L°(1234)+
+ 1°(1256) [v(57)0(56)8(78) — W(56)d(57)0(68)] L(7834)

e e D R

m Show that, if W = 0, the equation
for L(1133) is a two-point
equation!

It describes the (coupled) progation of
two particles, the electron and the hole !
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Generalities of Linear Response Approach ter equation
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Bethe-Salpeter Equation

Bethe-Salpeter equation (4-points - space and time)

L(1234) = L°(1234)+
+ 1°(1256) [v(57)6(56)(78) — W(56)5(57)(68)] L(7834)
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Generalities of Linear Response Approach ter equation
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Bethe-Salpeter Equation

Bethe-Salpeter equation (4-points - space and time)

L(1234) = L°(1234)+
+ 1°(1256) [v(57)6(56)(78) — W(56)5(57)(68)] L(7834)

W(12) = W(I’l, r2)5(t1t2)
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nse Approach The Bethe-Salpeter equation

Bethe-Salpeter Equation

Bethe-Salpeter equation (4-points - space and time)

L(1234) = L°(1234)+
+ 1°(1256) [v(57)6(56)(78) — W(56)5(57)(68)] L(7834)

W(12) = W(I’l, r2)5(t1t2)

L(1234) = L(ry,ro, 13,145t — t') = L(1234,w)




The Bethe-Salpeter equation

0000000000000 e0

Bethe-Salpeter Equation

Macroscopic Quantity from the contracted L

O [(1234,w) = L(r,r,r ¥, w)
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The Bethe-Salpeter equation
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Bethe-Salpeter Equation

Macroscopic Quantity from the contracted L

O [(1234,w) = L(r,r,r ¥, w)

9 cp(w) =1 —limgo v(q) [drdr e @)L (r r ¥ v w)
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The Bethe-Salpeter equation
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Bethe-Salpeter Equation

Macroscopic Quantity from the contracted L

O [(1234,w) = L(r,r,r ¥, w)

9 cp(w) =1 —limgo v(q) [drdr e @)L (r r ¥ v w)

em(w) =1 —limg_o v(q)L(G =0,G" = 0,w)
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Generalities of Linear Response Approach ter equation

oooe

Bethe-Salpeter Equation

BSE (4 space points - 1 frequency)

L(1234,w) = L°(1234,w)+
+ 19(1256, w) [v(57)6(56)8(78) — W (56)5(57)0(68)] L(7834,w)

How to solve it ?

v
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Generalities of Linear Response Approach ter equation

oooe

Bethe-Salpeter Equation

BSE (4 space points - 1 frequency)

L(1234,w) = L°(1234,w)+
+ 19(1256, w) [v(57)6(56)8(78) — W (56)5(57)0(68)] L(7834,w)

How to solve it ?

Really invert 4-point function for every frequency?
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The Bethe-Salpeter equation

©0000000000000

Outline

© The Bethe-Salpeter equation

@ BSE in practice
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The Bethe-Salpeter equation

O@000000000000

Bethe-Salpeter Equation

[(1234,w) = L°(1234,w)+
+ L°(1256,w) [v(57)8(56)5(78) — W (56)5(57)8(68)] L(7834, w)
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The Bethe-Salpeter equation

O@000000000000

Bethe-Salpeter Equation

(1234, w) = L°(1234,w) + L°(1256,w)K (5678)L (7834, w)



The Bethe-Salpeter equation

000000000000

Bethe-Salpeter Equation

(1234, w) = L°(1234,w) + L°(1256,w)K (5678)L (7834, w)

We work in transition space...

(1234, w) = L™ (w) =

(n1n2)

= /d(1234) (1234 )gbnl(l) ( )¢n3(3)¢:4(4) <>

The Bethe-Salpeter Equation Francesco Sottile



The Bethe-Salpeter equation

000000000000

Bethe-Salpeter Equation

(1234, w) = L°(1234,w) + L°(1256,w)K (5678)L (7834, w)

L(n3n4)(w) _ LO(n3n4)( ) 0(n5n6 ( )K (n7ng) (n3n4)(w)

(n1m2) (n1n2) n1n2) (nsne) (n7n8)

We work in transition space...

(1234, w) = L™ (w) =

(n1n2)

= /d(1234) (1234 )gbnl(l) ( )¢n3(3)¢:4(4) <>
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The Bethe-Salpeter equation

000000000000

Bethe-Salpeter Equation

(1234, w) = L°(1234,w) + L°(1256,w)K (5678)L (7834, w)

L(n3n4)(w) _ LO(n3n4)( ) 0(n5n6 ( )K (n7ng) (n3n4)(w)

(n1m2) (n1n2) n1n2) (nsne) (n7n8)

We work in transition space...

L(1234,w) = L™ () =

(n1n2)

= /d(1234) (1234 )gbnl(l) ( )¢n3(3)¢:4(4) <>

Clever choice of the basis ¢,
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The Bethe-Salpeter equation

0O0@00000000000

Bethe-Salpeter Equation in transition space

n3n4)( ) n3n4)( ) 0(n5n6( )K (n7ng) (n3n4)(w)

n1n2) n1n2) (n1m2) (nsne) (n7ng)

The Bethe-Salpeter Equation Francesco Sottile



The Bethe-Salpeter equation

0O0@00000000000

Bethe-Salpeter Equation in transition space

n3n4)( ) n3n4)( ) 0(n5n6( )K (n7ng) (n3n4)(w)

n1n2) n1n2) (n1m2) (nsne) (n7ng)

. some “trivial” mathematical arzigogoli ...
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The Bethe-Salpeter equation

0O0@00000000000

Bethe-Salpeter Equation in transition space

n3n4)( ) n3n4)( ) 0(n5n6( )K (n7ng) (n3n4)(w)

n1n2) n1n2) (n1m2) (nsne) (n7ng)

. some “trivial” mathematical arzigogoli ...

L(n3n4)(w) = |(En, — Epy — W)5n1n35n2"4 + K("3”4)}

(o) (mm)
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The Bethe-Salpeter equation

0O0@00000000000

Bethe-Salpeter Equation in transition space

n3n4)( ) n3n4)( ) 0(n5n6( )K (n7ng) (n3n4)(w)

n1n2) n1n2) (n1m2) (nsne) (n7ng)

.. some “trivial” mathematical arzigogoli ...

(o) (mm)

L(n3n4)(w) = |(En, — Epy — W)5n1n35n2"4 + K("3”4)}

L (@) = [(En = En = ©)0mmsdmn+ < v > — < W]

(nin2)
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Generalities of Linear Response Approach alpeter equation

0O00@0000000000

Bethe-Salpeter Equation in transition space

The Excitonic Hamiltonian

L (@) = [(Eny = Eny = @) nsdmmt < V> = < W ]!

(nym2

The Bethe-Salpeter Equation Francesco Sottile



Generalities of Linear Response Approach peter equation

000®0000000000 |

Bethe-Salpeter Equation in transition space

The Excitonic Hamiltonian

L (@) = [(Eny = Eny = @) nsdmmt < V> = < W ]!

(n1n2

(n3na) .\ 1
(nlng)(w) T Hexc _

H® = (En, — Eny)0ninyOmn,+ < v>> — < W >

Resonant vs Coupling

ny, n2,n3,ng =Vv,C (k)

A\
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Generalities of Linear Response Approach peter equation

000®0000000000 |

Bethe-Salpeter Equation in transition space

The Excitonic Hamiltonian

L (@) = [(Eny = Eny = @) nsdmmt < V> = < W ]!

(n1n2

(n3na) .\ 1
(nlng)(w) T Hexc _

H® = (En, — Eny)0ninyOmn,+ < v>> — < W >

Resonant vs Coupling

ny, n2,n3,ng =Vv,C (k)

H™®° = (Ec — E,))0p/i0ccr+ < v>>—< W>

A\
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The Bethe-Salpeter equation

0O000@000000000

Bethe-Salpeter Equation in transition space

vnoccupied states unoccupied states

occupied states oceupied states

unoceupied states unoceupied states

oceupied states occupied states
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The Bethe-Salpeter equation
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Bethe-Salpeter Equation in transition space
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The Bethe-Salpeter equation

0O00000@0000000

Bethe-Salpeter Equation in transition space
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The Bethe-Salpeter equation

0O00000@0000000

Bethe-Salpeter Equation in transition space

L (w) = L(r ¥ w) = 3 Lo (@)bm (1)0h, (N (X5, (F)
(nin2)
(n3na)
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The Bethe-Salpeter equation

0O00000@0000000

Bethe-Salpeter Equation in transition space

L) = Lrrw) = 3 L) 60, (165, (r)bm(F) 65, (F)

(nin2)
(n3na)
L) (w) = L(G, G", w) =y L") (w /qbn R (S (O EUC AR (D)
("1”2)
(n3ns)
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The Bethe-Salpeter equation

0000000 @000000

Bethe-Salpeter Equation in transition space

Lt (@) = [(Er = Em = @)dmmsdmni+ < v > — < W]

(nin2)
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The Bethe-Salpeter equation

0000000 @000000

Bethe-Salpeter Equation in transition space

Lt (@) = [(Er = Em = @)dmmsdmni+ < v > — < W]

(nin2)

L(n3”4)(w) _ [Hexc _ w]—l

(nin2)

H® = [(En, — Eny)0mnsOmony+ < v > — < W]
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The Bethe-Salpeter equation

0000000 @000000

Bethe-Salpeter Equation in transition space

Lt (@) = [(Er = Em = @)dmmsdmni+ < v > — < W]

(nin2)

L(n3”4)(w) _ [Hexc _ w]—l

(nin2)

H® = [(En, — Eny)0mnsOmony+ < v > — < W]

Diagonalization ] lterative inversion J
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Generalities of Linear Response Approach alpeter equation

0O0000000e00000

Bethe-Salpeter Equation in transition space

Diagonalization case (only resonant approx)

Lz::C/ = [(EC - EV) 5vv’5cc’ —wt K> —< W >>]_1
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Generalities of Linear Response Approach alpeter equation

0O0000000e00000

Bethe-Salpeter Equation in transition space

Diagonalization case (only resonant approx)

Lz::C/ = [(EC - EV) 5vv’5cc’ —wt K> —< W >>]_1

A

H—wl Eyx—w
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Generalities of Linear Response Approach peter equation

00000000800000 |

Bethe-Salpeter Equation in transition space

Diagonalization case (only resonant approx)

Lz::C/ = [(EC - EV) 5vv’5cc’ —wt K> —< W >>]_1

1 |Ax >< Ayl
H—wl Z

- Ey,—w
3 A

Spectrum within BSE

A(vc) , * ;k/ / R /A*(vc)
L(r,r”w)zzzvc x ¢ C(ur)_¢>cE(§rX)c¢+(;n)<z5 (')A,
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The Bethe-Salpeter equation

00000000080000

Bethe-Salpeter Equation

Spectrum in BSE (only resonant)

Avc (r o (r (r *(vc)
L(r, ¥, w) ZEW ¢()¢ E(eX>C¢+(I 77)¢()
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Bethe-Salpeter Equation

Spectrum in BSE (only resonant)

Avc (r o (r (r *(vc)
L(r, ¥, w) ZEW ¢()¢ E(eX>C¢+(I 77)¢()

Z%w _¢ ec)qﬁ () ¢c(r')

—€,)+in
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Bethe-Salpeter Equation

Spectrum in BSE (only resonant)

2

AbsPSE(w) = Im (L(w)) = d (w— EY)

A

S~ ALY c|D|v)

vC

AbsFA (@) = Im (x°(w)) = 3 (el D)8 (w — (ec—e.))
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Generalities of Linear Res| se Approach The Bethe-Salpeter equation

00000000000e00

Bethe-Salpeter Equation

BSE - creating and diagonalizing a (big) matrix

= Huowe)

The Bethe-Salpeter Equation Francesco Sottile



Generalities of Linear Response Approach The Bethe-Salpeter equation

00000000000e00

Bethe-Salpeter Equation

BSE - creating and diagonalizing a (big) matrix

i H(e\>/<C(":)(V/CI) = (EC - EV) 5VV/5CC/ —'— V\‘//CC — W‘ycc
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Generalities of Linear Response Approach The Bethe-Salpeter equation
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Bethe-Salpeter Equation

BSE - creating and diagonalizing a (big) matrix

= (e‘>/<cc)(V/C/)A(V ) _ Eech(VC)
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Generalities of Linear Response Approach peter equation

0000000000000

Bethe-Salpeter Equation

BSE - creating and diagonalizing a (big) matrix

= (e‘>/<cc)(V/C/)A(V ) _ Eech(VC)

. A(VC)A*(V/C/)
[V L) = A7
> Lo @) =2 ey
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The Bethe-Salpeter equation

Generalities of Linear Response Approach

00000000000080 |

Bethe-Salpeter Equation

Standard Approximations for BSE

@ Ground-state

e pseudopotential
o V. local density approximation

@ Quasi-particle Many-Body Theory

o GW approximation for *
o W rpa, plasmon-pole model

° oW = ¢KS
o Bethe-Salpeter equation
W,
° 56

o W rpa, static
e only resonant term
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The Bethe-Salpeter equation
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The Bethe-Salpeter Soup
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Outline

© Results
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Results

Bethe-Salpeter equation results: Semiconductors

Absorption Spectrum of Silicon

IP-RPA vs GW-RPA vs BSE vs exp.
60 T T T T

. Exp

[3 Albrecht et al., PRL 80, 4510 (1998)



Results

Bethe-Salpeter equation results: Insulators

Absorption Spectrum of Solid Argon

. e
— — IP-RPA
« ..+ GW-RPA
—— BSE

[§ Sottile, Marsili, et al., PRB (2007).
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Results

Bethe-Salpeter equation

results: Molecule (Nay)

Exp.
e IIPREN
3.0 | ! \ GW-RPA
| '. SRS RS
20 | ': _
R0 'ulf\ q
1
.O 1 1
QESE A 0 5 DR G) S a D

5263.0 4805 A S
Energy (eV)

[§ Onida et al., PRL 75, 818 (1995)
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Results

Bethe-Salpeter equation results: Silicon Nanowires

e EXP
A s N
----GW-RPA
2
(o]
(48]
- 5 r".’;— slaeresy -l \ |

4 sl 2 04
energy (eV)

[A Bruno et al., PRL 98, 036807 (2007)
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Results

Bethe-Salpeter equation results: Hexagonal Ice

Experiment

Absorption Spectrum

Hexagonal Ice

= GWA

DFT-GGA

0
Photon energy [eV]

[§ Hahn et al., PRL 94, 37404 (2005)
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Results

Bethe-Salpeter equation results: Cu,O

o {(arb. units)

o
5]

4
o (eV)

[A Bruneval et al., PRL 97, 267601 (2006)
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Results

Bethe-Salpeter equation results: EELS of Silicon

40T
———— GW-RPA
------ BSE (resojj

BSE (full)
3.0

2.0

-lm E“((u)

energy loss, o [eV]

@ Olevano and Reining, PRL 86, 5962 (2001)



Bethe-Salpeter

Results

equation results: Surface

B

AR/R [%)

AR/R [%]

i 5 3
00 02 04 06 08 10 12
Energy [V]
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Results

Bethe-Salpeter equation results: Surface

(a) positive
buckling

negative
buckling

AR/R [%]

0
00 02 04 06 08 10 12

Energy [V]

[ Rohlfing et al., PRL 85, 005440 (2000)
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Results

Bethe-Salpeter equation results: liquid Water

Absorption Spectrum of Liquid Water

T ¥ T : T Y T 3 T Y T £ . T

T L
IP-RPA
Sl -+ .- GW-RPA
A — — BSE
05+ S Y ~\
> ARy e s Al
2] Jiiid it e eh y
F L) A\ -
XY £ P A I I ! M \ *
o | AU
w E[eV] 1 ‘| ;’

[§ Garbuio et al., PRL 97, 137402 (2006)
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Generalities of Linear Response Approach

Results

The Bethe-Salpeter Equation

a personal view

bethe-salpeter.org and the EXC code are fully supported by the European Thearetical Spectrascapy Facility (ETSE)

*History

*The EXC code )

« The BSE in condensed matier theory C‘”‘“"“;T L"_";E ai

+ BSE and TDDFT ther Projects
Links

+ Achievements

+ the ETSF

» The EXC code - Sottile, Reining, Olevano, Onida, Albrecht
http://www.bethe-salpeter.org
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Results

Bethe-Salpeter equation: State-of-the-art

o DFT - ground state
o GW - quasiparticle energies

o BSE - optical and dielectric properties
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se Approach e Bethe-Salpeter equatio Results

Bethe-Salpeter equation: State-of-the-art

o DFT - ground state
o GW - quasiparticle energies

o BSE - optical and dielectric properties

\/ several spectroscopies

\/ variety of systems

x Cumbersome Calculations

The Bethe-Salpeter Equation Francesco Sottile



Results

Bethe-Salpeter equation: State-of-the-art

Some references
@ Hanke and Sham, PRB 21, 4656 (1980)
@ Onida, Reining, Rubio, RMP 74, 601 (2002)
@ Strinati, Riv Nuovo Cimento 11, 1 (1988)
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The EXC Code

Outline

@ The EXC Code
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Generalities of Linear Response Approach eter equation Results The EXC Code

What do we calculate ?

Dielectric function (only resonant case)

. 2
e

EM(W) =1-— JTO Vo((]) Z Z ESC —w — in
A

A [ (ve)
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Generalities of Linear Response Approach 3 S atio Results The EXC Code

What do we calculate ?

Dielectric function (only resonant case)

. (ele=iwrlv) A
EM(W) =1-— JTO Vo((]) Z Z Efxc —w— ”7

A [ (ve)

diagonalize excitonic Hamiltonian

H(Z‘Z: e);c C/)A( Eech ve)
(v'e')
H = (vc)
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Generalities of Linear Response Approach Results The EXC Code

What do we calculate ?

Dielectric function (only resonant case)

. 2
e

E/\ex‘-' —w—1in

em(w)=1- ctiino vo(q) Z Z

A | (ve)

diagonalize excitonic Hamiltonian . .
Hamiltonian:
2p,ex (v'e') _ pexc p(ve)
H(‘Z:)e(c A c —E;CA/\C

vie) N »
(v'e') H?‘Z)(V'C/):(EC _ EV)6VV/6CC' -+ [V - W]Evc(): )
H = (vc) E = qu?siparticle energies (GW)
o W = &

v screened Coulomb interaction

The Bethe-Salpeter Equation Francesco Sottile



Generalities of Linear Response Approach 3 S atiol The EXC Code

What do we need 7

structure, screening, quasiparticle files + input file

o |v) gs (LDA) wfs kss file
e £, Quasi-Particle energies gw file
e =1 for the screened interaction scr file

The Bethe-Salpeter Equation Francesco Sottile



The EXC Code

The excitonic Hamiltonian

2
Hiveywiery = (Ec - EV)5VV’5cc’ v = Wlueyven
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The EXC Code

The excitonic Hamiltonian

B ey = ((ec +AS) — (e + Agw)>5w,5cc, v = Wliewen

(ve
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The EXC Code

The excitonic Hamiltonian

2p — GW GW
H(VC)(V’C’) - <(6C +AZY) = (ev + 47 )>5vv’5cc’ +[v— W](vc)(v/cl)

e H2p (EC - 6\,) 5vv/5cc’ RPA-NLF

(ve)(v'c!) —
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The EXC Code

The excitonic Hamiltonian

H?P

(ve

Yvie!) = ((Ec + AS:W) - (Ev + ASW)) dw/lce + [V - W](vc)(v’c’)

° H(Z\Z:)(v’c’) = (EC - 6\,) Oy Ocer RPA-NLF
° H(Q\f’c)(v’c’) = (GC - 6V) O/ Occ + Y(ve)(v'e) RPA
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The EXC Code

The excitonic Hamiltonian

H?P

(ve

Yvie!) = ((Ec + Agw) - (Ev + ASW)) dw/lce + [V - W](vc)(v’c’)

2
° H(\Z:)(v’c’) = (EC - 6\,) Oy Ocer RPA-NLF
° H(Q\f’c)(v’c’) = (GC - 6V) O/ Occ + Y(ve)(v'e) RPA
2
° H(‘Z)(V’c’) = (Ec — Ev) dwrdcer + Vive)(v/ ') GW
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The EXC Code

The excitonic Hamiltonian

2
Hiveywiery = (Ec - EV)5VV’5cc’ + v+ Wleyven

° H(Z\Z:)(v’c’) = (€c — €v) dnrOcer RPA-NLF
° H(zf?)(v'c') = (ec = €v) dwrdeer + Vue)(v'er) RPA
o Hwey = (Ec = E) bwibee + Viueyver) W
° H(Z\Z:)(v’c’) = (Ec — Ev) dwrdcer + Vive)(vier) + Wivey(vier) BSE

The Bethe-Salpeter Equation Francesco Sottile



The EXC Code

\ DN N/ /7 D
[ N\ /7
(- > <
G 22 N W N VO

/ Yo/ /o2N NLN )

http://wuw.bethe-salpeter.org

program EXC version 2.3.4
built: 06 Dec 2007

calculate dielectric properties
Bethe-Salpeter equation code in frequency domain
reciprocal space on a transitions basis

Copyright (C) 1992-2007, Lucia Reining, Valerio Olevano,
Francesco Sottile, Stefan Albrecht, Giovanni Onida.

This program is free software; you can redistribute it
and/or modify it under the terms of the GNU General
Public License.

This program is distributed in the hope that it will be
The Bethe-Salpeter Equation Francesco Sottile



f Linear Response Approach 0 Results The EXC Code

The input file

exciton ....................... perform the transition space algorithm
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The EXC Code

The input file

exciton ....................... perform the transition space algorithm
rpa, gw, exc (default) ....................... type of calculation

The Bethe-Salpeter Equation Francesco Sottile



The EXC Code

The input file

exciton ....................... perform the transition space algorithm
rpa, gw, exc (default) ....................... type of calculation
nlf, 1f (default) .......................... with or w/o local fields
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Generalities of Linear Response Approach e atio Results The EXC Code

The input file

exciton ....................... perform the transition space algorithm
rpa, gw, exc (default) ....................... type of calculation
nlf, 1f (default) .......................... with or w/o local fields
resonant (default), coupling ........ coupling reso-antireso or not

The Bethe-Salpeter Equation Francesco Sottile



Generalities of Linear Response Approach e atio Results The EXC Code

The input file

exciton ....................... perform the transition space algorithm
rpa, gw, exc (default) ....................... type of calculation
nlf, 1f (default) .......................... with or w/o local fields
resonant (default), coupling ........ coupling reso-antireso or not

enks (default), gw, so, somult .............. energies to be used

The Bethe-Salpeter Equation Francesco Sottile



3

Generalities of Linear Response Approach Ipeter equation Results The EXC Code

The input file

exciton ....................... perform the transition space algorithm
rpa, gw, exc (default) ....................... type of calculation
nlf, 1f (default) .......................... with or w/o local fields
resonant (default), coupling ........ coupling reso-antireso or not
enks (default), gw, so, somult .............. energies to be used
soenergy <value> (default=0.0) ...... scissor operator energy [eV]
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Generalities of Linear Response Approach Results The EXC Code

The input file

exciton ....................... perform the transition space algorithm
rpa, gw, exc (default) ....................... type of calculation
nlf, 1f (default) .......................... with or w/o local fields
resonant (default), coupling ........ coupling reso-antireso or not
enks (default), gw, so, somult .............. energies to be used
soenergy <value> (default=0.0) ...... scissor operator energy [eV]
matsh <value> (default=all) ........ number of G-shell for the eg¢
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Generalities of Linear Response Approach peter equation Results The EXC Code

The input file

exciton ....................... perform the transition space algorithm
rpa, gw, exc (default) ....................... type of calculation
nlf, 1f (default) .......................... with or w/o local fields
resonant (default), coupling ........ coupling reso-antireso or not
enks (default), gw, so, somult .............. energies to be used
soenergy <value> (default=0.0) ...... scissor operator energy [eV]
matsh <value> (default=all) ........ number of G-shell for the eg¢
wfnsh <value> (default=all) ..... plane waves shells for the ¢k (c)
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Generalities of Linear Response Approach peter equation Results The EXC Code

The input file

exciton ....................... perform the transition space algorithm
rpa, gw, exc (default) ....................... type of calculation
nlf, 1f (default) .......................... with or w/o local fields
resonant (default), coupling ........ coupling reso-antireso or not
enks (default), gw, so, somult .............. energies to be used
soenergy <value> (default=0.0) ...... scissor operator energy [eV]
matsh <value> (default=all) ........ number of G-shell for the eg¢
wfnsh <value> (default=all) ..... plane waves shells for the ¢k (c)

nbands <value> (default=all) last band included in the calculation
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Generalities of Linear Response Approach peter equation Results The EXC Code

The input file

exciton ....................... perform the transition space algorithm
rpa, gw, exc (default) ....................... type of calculation
nlf, 1f (default) .......................... with or w/o local fields
resonant (default), coupling ........ coupling reso-antireso or not
enks (default), gw, so, somult .............. energies to be used
soenergy <value> (default=0.0) ...... scissor operator energy [eV]
matsh <value> (default=all) ........ number of G-shell for the eg¢
wfnsh <value> (default=all) ..... plane waves shells for the ¢k (c)
nbands <value> (default=all) last band included in the calculation
lomo <value> (default=1) ..... first band included in the calculation

The Bethe-Salpeter Equation Francesco Sottile



Generalities of Linear Response Approach e atio Results The EXC Code

The input file

exciton ....................... perform the transition space algorithm
rpa, gw, exc (default) ....................... type of calculation
nlf, 1f (default) .......................... with or w/o local fields
resonant (default), coupling ........ coupling reso-antireso or not
enks (default), gw, so, somult .............. energies to be used
soenergy <value> (default=0.0) ...... scissor operator energy [eV]
matsh <value> (default=all) ........ number of G-shell for the eg¢
wfnsh <value> (default=all) ..... plane waves shells for the ¢k (c)
nbands <value> (default=all) last band included in the calculation
lomo <value> (default=1) ..... first band included in the calculation
omegai <value> (default=0.0) ......... frequency initial point [eV]
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Generalities of Linear Response Approach atio Results The EXC Code

The input file

exciton ....................... perform the transition space algorithm
rpa, gw, exc (default) ....................... type of calculation
nlf, 1f (default) .......................... with or w/o local fields
resonant (default), coupling ........ coupling reso-antireso or not
enks (default), gw, so, somult .............. energies to be used
soenergy <value> (default=0.0) ...... scissor operator energy [eV]
matsh <value> (default=all) ........ number of G-shell for the eg¢
wfnsh <value> (default=all) ..... plane waves shells for the ¢k (c)
nbands <value> (default=all) last band included in the calculation
lomo <value> (default=1) ..... first band included in the calculation
omegai <value> (default=0.0) ......... frequency initial point [eV]
omegae <value> (default=10.0) .......... frequency end point [eV]
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Generalities of Linear Response Approach atio Results The EXC Code

The input file

exciton ....................... perform the transition space algorithm
rpa, gw, exc (default) ....................... type of calculation
nlf, 1f (default) .......................... with or w/o local fields
resonant (default), coupling ........ coupling reso-antireso or not
enks (default), gw, so, somult .............. energies to be used
soenergy <value> (default=0.0) ...... scissor operator energy [eV]
matsh <value> (default=all) ........ number of G-shell for the eg¢
wfnsh <value> (default=all) ..... plane waves shells for the ¢k (c)
nbands <value> (default=all) last band included in the calculation
lomo <value> (default=1) ..... first band included in the calculation
omegai <value> (default=0.0) ......... frequency initial point [eV]
omegae <value> (default=10.0) .......... frequency end point [eV]
domega <value> (default=0.01) ............... frequency step [eV]
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Generalities of Linear Response Approach atio Results The EXC Code

The input file

exciton ....................... perform the transition space algorithm
rpa, gw, exc (default) ....................... type of calculation
nlf, 1f (default) .......................... with or w/o local fields
resonant (default), coupling ........ coupling reso-antireso or not
enks (default), gw, so, somult .............. energies to be used
soenergy <value> (default=0.0) ...... scissor operator energy [eV]
matsh <value> (default=all) ........ number of G-shell for the eg¢
wfnsh <value> (default=all) ..... plane waves shells for the ¢k (c)
nbands <value> (default=all) last band included in the calculation
lomo <value> (default=1) ..... first band included in the calculation
omegai <value> (default=0.0) ......... frequency initial point [eV]
omegae <value> (default=10.0) .......... frequency end point [eV]
domega <value> (default=0.01) ............... frequency step [eV]
broad <value> (default=domega) ....... lorentzian broadening [eV]
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Generalities of Linear Response Approach atio Results The EXC Code

The input file

exciton ....................... perform the transition space algorithm
rpa, gw, exc (default) ....................... type of calculation
nlf, 1f (default) .......................... with or w/o local fields
resonant (default), coupling ........ coupling reso-antireso or not
enks (default), gw, so, somult .............. energies to be used
soenergy <value> (default=0.0) ...... scissor operator energy [eV]
matsh <value> (default=all) ........ number of G-shell for the eg¢
wfnsh <value> (default=all) ..... plane waves shells for the ¢k (c)
nbands <value> (default=all) last band included in the calculation
lomo <value> (default=1) ..... first band included in the calculation
omegai <value> (default=0.0) ......... frequency initial point [eV]
omegae <value> (default=10.0) .......... frequency end point [eV]
domega <value> (default=0.01) ............... frequency step [eV]
broad <value> (default=domega) ....... lorentzian broadening [eV]
haydock .............................. |terat|ve diagonalization scheme
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