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The Bethe-Salpeter Equation

, 52 =t
L(1,2:34) = F (1 Sl s ot [?}(5,7)(5(&6)6(7}8) 4 g (‘1’6)] L(7,8,3,4)

6G(7, 8)

vty o7




,3,4) = L%(1,2,3,4)-551.2,5,6 6(5,6)0(

The Bethe- Tpei‘er Etg' a‘haaéz

8)] L(7,

= (r17tlugl)

on(1)

LD (D) — TANG)




,3,4) = L%(1,2,3,4)-551.2,5,6 (5, 6)0(

The Bethe- Tpei‘er Etg' ahaa\éz

8)] L(7,

I = (r17tlugl)

Excitations energies

on(1)
61/6}(13(2)

2 (D) =



J

,3,4) = L%(1,2,3,4)-551.2,5,6
?7) ( )_’_( 7?8)

5(5,6)0(

The Bethe-~ Tpei‘er Etg' a+|0a52 5. 6)

] L(7,

I = (r17tlugl)

Electron Enerqy Loss
S Excitations energies

—3L(1,2,11,21) = Sl

2 X“Q‘ Vs (2)

Inelastic X-ray Scattering



J

5(5,6)0(

The Bei‘he-—'ga[lpefer E'} a‘horxég 5 6)

] L(7,

i (r17tlugl)

Electron Energy Loss  Absorption spectruom

Surface differential reflectivity S / Excitations energies

(12 1 +

Compton Scattering V:ext
Refraction index r2"'ﬂ"‘-"t""""’h/’

Inelastic X-ray Scattering

Reflectance Anisotropy spectroscopy



HBSEA)\ o EAA)\

/h/ h
ZX A g ) S5 E)\(ngh>
p’'h' _C —A* php' b Yf Y)}\D
particle-hole Space



BSE, TDDT T, RIPA

HBSEA}\ o EAA)\

/h/ h
ZX A i ) S5 E)\(ngh)
p’'h' _C —A* php' b Yf Y)}\D
particle-hole Space



BSE, TDDT T, RIPA

HBSEA)\ i E)\A)\

Z( A C*> (Xit\) . E)\(X%)
o & Bdes £t Yy Yy
particle-hole (or transition) space



t/ t
(o), () -&()
5% s ! Y)\ A

t/

particle-hole (or transition) space






Tamm-Dancoft approx

(), (o) =20




Tamm-Dancoft approx

(), (o) =20

|Zt:vc X;\)C <C‘El"U>

M\W) = .
XM (W) Z)\: SN



g o Al oo
XM(W):Z Wie By A=







15

[ exp
... ALDA .
GW-RPA
e P

- . P e— s T 1
11 12 13 14 15 16
o(eV)

3] Phys. Rev. B 76 161103 (2007)



12 14 16 18 20
Photon Energy (eV)

&
ouie Phys. ReV:

Rohlfing and L — hys Rev. B 76 161103 (2007)



12 16
Photon Energy (eV)
04)

18 20

¥ Phys. Rev. B 59, 5441 (1999)

12

S_ ’ 20 1 :
.,
e ‘L—m_ Rev. B 76 161103 (2007)



i CAM-B3Lyp
4 LC-pRE

< MO6-HF
B2PLyp

6 7
Number of carbon ato

ms

PhYS'Re E Blase e al. Chem. Soc,. Rev, 47, 1022 (2018)
t alﬂ |
a\’\g @ T esae——

| 7
el Rev B 76 161103 (2007)






Absorption (arbitrary units)




BSE :: accurate for absorption spectra (and excitation energies)




BSE :: accurate for absorption spectra (and excitation energies)

@ it captures the physics of the electron-hole interaction

#

@ it can (automatically) profit from extensions . R-
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® ab initio —> predictions

@ analysis tools (why? how? who is responsable?)
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Coherent Inelastic X-ray scattering
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Coherent Inelastic X-ray scattering
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Resonant IXS

2
d*o (fle™™r TV n) (n]e™*V|0)
dQodw, = Zf: Z w; — (B, — Fp) x 0 (w— (Ef — Ep))

n



A

energy

oy

Initial state

Conduction bands

Valence bands

Core bands




Initial state

A

.
oy Conduction bands
=
W
® o @
® ® ® \/;jcnce bands
® o ¢
® o o
A
\
photon-in
wiaki *
Core bands
—e




energy

oy

Initial state

Conduction bands

Valence bands

Core bands




energy

P

Intermediate state

Conduction bands

Valence bands

Core bands




energy

P

Final state

Conduction bands

&
® O @
® ® ® \/jence bands
® o ¢
® o o

photon-out

TS

Core bands




photon-in

A

energy

P

Initial state

Conduction bands

Valence bands

Core bands

energy

P
Pl

Intermediate state

Conduction bands

Valence bands

Core bands

energy

L
Tt

Final state

Conduction bands

&
® O ©
® ® @ \ilence bands
® & 0o
® O @
photon-out
We, Ke
1 -\ b' .
—e Core bands




Initial state Intermediate state Final state

@ Conduction bands E” Conduction bands
£ 5
& &
® o @ ® O o
® ® @® \yence bands ® ® @ \ilence bands
Ground ol il
® 0 @ ® O @
state
' < N\ Q\
calculation \ \
photon-out
g Mo
wy Core bands —i Core bands




Initial state Intermediate state Final state

A
Eﬁ Conduction bands
) : 2
® O ©
® ® ® \jence bands
Ground ey
state =0 ®
. N
calculation h X
(Core) e_ photon-out
calculation //,v
BSE oo k.
- Core bands




Initial state Intermediate state Final state

Ground
state
calculation
(core) e-h (valence) e-h
calculation calculation

BSE BSE



Resonant Inelastic X-ray scattering
in BSE
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Resonant Inelastic X-ray scattering
in BSE
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Resonant Inelastic X-ray scattering
via excitonic pathways in BSE
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Resonant Inelastic X-ray scattering
via excitonic pathways in BSE
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Resonant Inelastic X-ray scattering
via excitonic pathways in BSE
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Resonant Inelastic X-ray scattering
via excitonic pathways in BSE
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