The Bethe-Salpeter Equation

Preliminary

Francesco Sottile and Matteo Gatti

ETSF and Ecole Polytechnique, Palaiseau - France

Aussois, 25 June 2015

Preliminaries on LR and micro-macro Francesco & Matteo



Outline

© Linear Response and (solid state) Spectroscopies
@ Absorption Spectroscopy
@ Loss Spectroscopy
@ Inelastic X-ray Scattering
@ Importance of the dielectric function

© Micro-Macro Connection
@ Micro-Macro :: the loss function
@ Micro-Macro :: the absorption

Preliminaries on LR and micro-macro Francesco & Matteo



Linear Response and Spectroscopies

Outline

© Linear Response and (solid state) Spectroscopies
@ Absorption Spectroscopy
@ Loss Spectroscopy
@ Inelastic X-ray Scattering
@ Importance of the dielectric function

Preliminaries on LR and micro-macro Francesco & Matteo



Response and Spectroscopies

Linear Response Approach

System submitted to an external perturbation

[
Veot = Vext +Ving

Preliminaries on LR and micro-macro Francesco & Matteo



Linear Response and Spectroscopies

Linear Response Approach

System submitted to an external perturbation

-1
w Vit =€ Vext
Vtot — Vext + Vind

[
Veot = Vext +Ving

Preliminaries on LR and micro-macro Francesco & Matteo



sponse and Spectroscopies

Linear Response Approach

System submitted to an external perturbation

-1
o Vit =€ Vext
Vtot — Vext + Vind

[
Veot = Vext +Ving

Preliminaries on LR and micro-macro Francesco & Matteo



Linear Response and Spectroscopies
00000

Outline

© Linear Response and (solid state) Spectroscopies
@ Absorption Spectroscopy

Preliminaries on LR and micro-macro Francesco & Matteo



Linear Response and Spectroscopies
o] o]

Absorption

Beer Law

/(X) = /oe_ax
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Absorption

Linearly polarised

Sample

e = sin*® + sin*dtan’d
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Absorption

Creation of an electron-hole pair
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Absorption

Absorption Spectrum of Silicon
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[§ Lautenschlager et al., PRB 36, 4821 (1987)
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Absorption

XANES and (N)EXAFS spectrum of Sn
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E Izumi et al., Anal.Chem. 77, 6969 (2005
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© Linear Response and (solid state) Spectroscopies
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Spectroscopy: Electron Scattering
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Spectroscopy: Electron Scattering

Energy Loss Function
d*c
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Spectroscopy: Electron Scattering
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Spectroscopy: Electron Scattering

LEED
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0 5000 eV

Preliminaries on LR and micro-macro Francesco & Matteo



Linear Response and Spectroscopies

[eJe]e] ]

Spectroscopy: Electron Scattering
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© Linear Response and (solid state) Spectroscopies
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Spectroscopy: X-ray Scattering

Inelastic X-ray scattering of Silicon
q=1.45[111]
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[@ Weissker et al., PRL 97, 237602 (2006)
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Importance of dielectric function e

Absorption (reflectivity, refraction index)
EELS

IXS, RIXS, CIXS

Compton Scattering

Surface analysis (RAS, SDR, etc.)

Photo-emission (GW)
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Linear Response Approach

Definition of polarizability
e " =1+vy

X is the polarizability of the system
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Linear Response Approach

Polarizability

interacting system 0n = y0 Ve

non-interacting system  dn,_; = X% Vior
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Linear Response Approach

Polarizability

interacting system 0n = y0 Ve

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

0 = 3 HOSO)

w— (€ =€)

7

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 = y0 Ve

non-interacting system  dn,_; = X% Vior

unoccupied states

© = 3 SO E16(0)

w— (€ —¢€)

i

m

v
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Linear Response Approach

Polarizability

interacting system 01 = y0 Ve

non-interacting system  n,_; = X% Viot

)

Density Functional Formalism
on =29 Np—;

5Vtot — 5Vext + 5VH + 5ch

v
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Polarizability in DFT + Linear Response

X5 Vext = XO ((S Vext + 5VH + 6ch)

oV, oV,
_ 0 1 H xc
X=X ( Vw0V
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Polarizability in DFT + Linear Response

X5 Vext = XO ((S Vext + 5VH + 6ch)

oV, oV,

0 H xC

=0 (1

X=X ( +csvexfévext)
OV _ 0Vy on _
Vot 00 0Ver X
O Vie O0Vie On

= fch

0 Vext ~ dn O Vext -

X = X"+ X% (v + o) x

with f,c = 5(‘{? exchange-correlation kernel

with v = % coulomb interaction
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Absorption Spectrum of Silicon
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Macroscopic (measurement)

Microscopic (calculation)
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© Micro-Macro Connection
@ Micro-Macro :: the loss function
@ Micro-Macro :: the absorption
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Solids

Reciprocal Space - Frequency domain

F(r) = fo(a) = % / drf(r)e'(@te)

G =reciprocal lattice vector
g € 1BZ momentum transfer of the perturbation
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Solids

Reciprocal Space - Frequency domain

f(e) = fela) = [ drf(r)earor

G =reciprocal lattice vector
g € 1BZ momentum transfer of the perturbation

Xo(r7 rlv w) — XSG/(CL w)

<¢Vk|ez(q+c)r‘¢zk+q> <¢Ck+q ,efz(cwc’)r’ ’¢T/k>

w = (eck-l-q — €vk) +

ch’(qv w) =

vck
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© Micro-Macro Connection
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Micro-Macro :: the loss function

e (r,r,w) /dqze late)r GG'(qa w)e' (ate)r

G,G’

. /o
—/dqe iq-(r—r' §:e icr GG, q,w)elcr

G,G’

:/dqe"q'(rrl)el(q,r, r,w).
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Micro-Macro :: the loss function

e (r,r,w) /dqze late)r GG'(qa w)e' (ate)r

G,G’

. /o
—/dqe iq-(r—r' §:e icr GG, q,w)elcr

G,G’

:/dqe"q'(rrl)el(q,r, r,w).
en(q,w) :/drdr/s_l(q,r,r’,w)
/drdr Ze iere—1(q,w)e’ ™"

G,G’
_ -1
= €o0 (q; W)
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Micro-Macro :: the loss function

The Macroscopic inverse dielectric
function is the head (G=G' =0
component) of the inverse dielectric
matrix.

ev (A, w) = g0 (q, w)
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Micro-Macro :: the loss function

Reciprocal Space - Frequency domain

-1
Xoe (@,w) = [1 = X% (v + fe)] cor X&rer
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Micro-Macro :: the loss function

Reciprocal Space - Frequency domain

-1
Xee' (A, w) = [ — X (V + )] P XG”G’

GG,(q,w) = 0ge’ + Va(q)Xee' (4, W)
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Linear Micro-Macro Connection
o]

Micro-Macro :: the loss function

Reciprocal Space - Frequency domain

-1
Xeo'(Q, W) = [ - X (V + £ )] P XG”G’
GG,(q,w) = 0ge’ + Va(q)Xee' (4, W)

ELS(q, ) = —Im{eyy (a.w)} = ~Im{=qy (g, )}
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© Micro-Macro Connection

@ Micro-Macro :: the absorption
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O@00000000

The case of absorption

oq—0
o A >> system

o perturbing potential is not (only) the external
potential
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The case of absorption

Total potential

+ + + + + +

DZ{-:ME
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The case of absorption

Macro :: D(q,w) = em(q,w)E(q,w).

micro :: E.(q,w) = E;é,(q,w)DG/(q,w)
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The case of absorption

Macro :: D(q,w) = em(q,w)E(q, w).

micro :: Eo(q,w) = g4 (q,w)Do(q, w)

Preliminaries on LR and micro-macro Francesco & Matteo



Micro-Macro Connection

000@e000000

The case of absorption

Macro :: D(q,w) = em(q,w)E(q, w).

micro :: Eo(q,w) = g4 (q,w)Do(q, w)

1

em\q, W) =
w{a, ) 5001(%@)
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Micro-Macro :: the absorption

The Macroscopic dielectric function is
the inverse of the head (G = G’ =
component) of the inverse dielectric

matrix.
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Micro-Macro :: the absorption

o What about ggg 7
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Micro-Macro :: the absorption

o What about ggg 7

e £qo Is the macroscopic dielectric function without
local fields

Preliminaries on LR and micro-macro Francesco & Matteo



Micro-Macro Connection

0000008000

Micro-Macro :: the absorption

Can we exploit the definition of perturbing potential ( Ve, + V/72°)

tot
to obtain a response function that would avoid all this inversion of

the inverse 77
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Micro-Macro :: the absorption

Can we exploit the definition of perturbing potential ( Ve, + V/72°)
to obtain a response function that would avoid all this inversion of

the inverse 77

Polarizability

5_1:1—|—VX o 0n = X Vex
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Micro-Macro :: the absorption

Can we exploit the definition of perturbing potential ( Ve, + V/72°)
to obtain a response function that would avoid all this inversion of

the inverse 77

Modified Polarizability

el=1+vy o 0n = X Vex

e=1-—vy o on=X(Vext + Vigr ™)
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Micro-Macro :: the absorption

Modified Polarizability :: two consequences

of=1-vX ; 0n=x(Vext+ Vir")

EM = €00

v
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Micro-Macro :: the absorption

Modified Polarizability :: two consequences

of=1-vX ; 0n=x(Vext+ Vir")

EM = €00
o x=xX"+xX'(v+3)x

_ [0 G=0
] v s G#£0

~ JqtGP

No long range component in v for the absorption.
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Summary

@ We need to calculate the macroscopic dielectric function, related to
many spectroscopies (optical properties, loss function, refraction
index, Compton scattering, IXS, etc.)

@ average procedure
Loss(w) = —Imey'(q,w) = —vo Im Xo0(q,w)

Abs(w) = Imem(q,w) = —v Im Xoo(q,w)

@ We need to go beyond ALDA, towards BSE, for accurate results.
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