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Absorption Spectra in solids

Semiconductors (Silicon)
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Absorption Spectra in solids

Insulators (Argon)
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Outline

�Derivation of a f TDDFT

xc
−→ TDDFT vs BSE

�Kernels and spectra analysis

�Application to realistic systems
−→ Semiconductors - Solid Si and SiC
−→ Bound excitons - Solid Argon

�Conclusions and perspectives



Absorption spectrum

Absorption (ω) = ={εM(ω)}

εM(ω) = lim
q→0

[
1− vG = 0(q)S

G =G
′ = 0

(q, ω)
]

S = polarizability =

{
L̄⇒ BSE
χ̄⇒ TDDFT



Same spectra in TDDFT and BSE

εBSE
M (ω) = εTDDFT

M (ω)



BSE ↔ 4L̄ = 4P 0 + 4P 0
(
4v̄ − 4W

)
4L̄

TDDFT ↔ χ̄ = χ0 + χ0 (v̄ + fxc) χ̄

4χ̄ = 4χ0 + 4χ0
(

4v̄ + 4fxc

)
4χ̄

v̄ = v − v0

4v̄ = δ(12)δ(34)v̄(13)

4fxc = δ(12)δ(34)fxc(13)

4W = δ(13)δ(24)W (12)



Transition framework

A
(n3n4)
(n1n2)

=

∫
d(1234)φn1(1)φ∗n2

(2)A(1, 2, 3, 4)φ∗n3
(3)φn4(4)
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v̄ + fxc

)
χ̄
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Transition framework

A
(n3n4)
(n1n2)

=

∫
d(1234)φn1(1)φ∗n2

(2)A(1, 2, 3, 4)φ∗n3
(3)φn4(4)

BSE ⇔
[
∆E + < v > − < W >

]
Aλ = EλAλ

TDDFT ⇔
[
∆ε + < v > + < fxc >

]
Aλ = EλAλ

< fxc >= − < W > + (∆E −∆ε)



How can we use < fxc > in a 2-point equation ??
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How can we use < fxc > in a 2-point equation ??
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1− χ0v̄ − χ0fxc

)−1
χ0 =

= χ0
(
χ0 − χ0v̄χ0 − χ0fxcχ

0︸ ︷︷ ︸)−1
χ0

T

Φ(n1n2, r) = φn1(r)φ
∗
n2

(r)

T (1, 2, ω) =
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d(34)
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Φ∗(n3n4, r2)Φ(n3n4, r
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ω − (εn4 − εn3) + iη



How can we use < fxc > in a 2-point equation ??
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• < fxc >= − < W > + (∆E −∆ε)



• < fxc >= − < W > + (∆E −∆ε)

χ̄ = χ0
(
χ0 − χ0v̄χ0 − T1 − T2

)

T1 =
∑
n1n2

Φ∗(n1n2,G)Φ(n1n2,G
′)

[ω −∆ε + iη]2
[∆E −∆ε] QP shift

T2 = −
∑
n1n2
n3n4

Φ∗(n1n2,G)

ω −∆ε + iη
< W >

Φ(n3n4,G
′)

ω −∆ε + iη
excitonic effect



if χ0({εni}) −→ χ0
GW({Eni})

< fxc >= − < W > ⇒ T = T2

FBSE
(n1n2)(n3n4)

= − < W >

FTDDFT
(n1n2)(n3n4)

=< fxc >



When the assumption F TDDFT
(n1n2)(n3n4)

= F BSE
(n1n2)(n3n4)

cannot be fulfilled

F BSE,reso
(vc)(vc)=

∫
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(vc)(vc) =

∫
φv(1)φc(1)fxcφv(2)φc(2)

F BSE,coup
(vc)(cv)=

∫
φv(1)φc(1)Wφc(2)φv(2) F TDDFT,coup

(vc)(cv) =

∫
φv(1)φc(1)fxcφv(2)φc(2)
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When the assumption F TDDFT
(n1n2)(n3n4)

= F BSE
(n1n2)(n3n4)

cannot be fulfilled

F BSE,reso
(vc)(vc)=

∫
φv(1)φv(1)Wφc(2)φc(2) F TDDFT,reso

(vc)(vc) =

∫
φv(1)φc(1)fxcφv(2)φc(2)

F BSE,coup
(vc)(cv)=

∫
φv(1)φc(1)Wφc(2)φv(2) F TDDFT,coup

(vc)(cv) =

∫
φv(1)φc(1)fxcφv(2)φc(2)

F TDDFT
(n1n2)(n3n4)

parameters



Silicon 2k
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Problem of T1

• Convergence of T1 ∼ 300G

• Convergence of the spectrum < 100G

(T1)k,k = (∆Ek −∆εk)

(T1)k,k+∆k = 0 ∀∆k 6= 0



Problem of T1

• Convergence of T1 ∼ 300G

• Convergence of the spectrum < 100G

(T1)k,k = (∆Ek −∆εk)

(T1)k,k+∆k = 0 ∀∆k 6= 0

since

• T1 worsens (if not prevents) the convergence of the spectrum

• T1 does not avoid the calculation of the EQP
ni

the quasiparticle corrections will be included in the χ0



The (useless?) kernel fxc

1) FTDDFT
(n1n2)(n3n4)

= FBSE
(n1n2)(n3n4)

2) T2(ω) = Φ
ω−∆εF

BSE Φ
ω−∆ε = ΦΦ

ω−∆εfxc
ΦΦ

ω−∆ε

3) f eff
xc = (χ0)−1 T2 (χ0)−1 should be static ?

↘
χ̄ = (1− χ0v̄ − χ0f eff

xc )−1χ0



kernels Nt = 288 spectra
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kernels Nt = 288 spectra
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kernels Nt = 288 spectra
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The (useless?) kernel fxc

1) FTDDFT
(n1n2)(n3n4)

= FBSE
(n1n2)(n3n4)

N2
t conditions

√
T2(ω) = Φ

ω−∆εF
BSE Φ

ω−∆ε

3) f eff
xc = (χ0)−1 T2 (χ0)−1 if χ0 is invertible

fxc is dynamic unless the three conditions above are fulfilled

but it is never calculated nor used in real calculations



Link with other works

χ̄ = χ0
(

χ0 − χ0v̄χ0 − Φ

ω −∆ε
< W >

Φ

ω −∆ε

)−1

χ0

• f eff
xc ∼ α

q2 Reining et al, PRL (2002)

• f eff
xc ∼

α(ω)
q2 Del Sole et al, PRB (2003)

• EXX, W −→ ṽ, Kim and Görling, PRL (2002)

↙ ↘
no parameters 1 parameter

• Del Sole et al. (2003), Adragna’s thesis (2002)



Realistic applications



Solid Silicon - 256k
Nt = 2304 NG = 307
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Solid Silicon Carbide - 256k
Nt = 2304 NG = 387

6 7 8 9 10
0

5

10

15

20 Exp
BSE
GW-RPA
T2

Sottile, Olevano and Reining, PRL (2003)



Solid Argon - 2048k
Nt = 6144 NG = 307
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Conclusions

• T (ω) ←→ TDDFT ↔ BSE
F TDDFT

(n1n2)(n3n4)
= F BSE

(n1n2)(n3n4)

→ T dynamic

→ fxc not necessary

→ problems : T1 (T d
2 ) ; χ0

• it works for semiconductors (continuum exciton)

• it works for insulators (bound exciton)



What to do

• Quasiparticle corrections

•W (n3n4)
(n1n2)

• towards complex (biological) systems

{
ab initio
models



Contact exciton model
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Contact exciton model

W (G,G′) =
A

Ω
δ
G,G′

χ̄ = L̄ holds

fxc = −1

2
W (G,G′)


