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• Optoelectronics
▶ For energy applications

• Material design space is large and theory is needed
▶ Theory needed to determine best materials

▶ Quantity to access a material (absorption coefficient: α)

• Optical absorption
▶ Direct (e.g., GaAs)

▶ Indirect phonon-assisted (e.g., Si)
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Full Hamiltonian of a system exposed to electromagnetic radiation can be written as,

Ĥ = Ĥ0 + V̂ep + V̂er

Rev. Mod. Phys. 89, 015003 (2017)
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Full Hamiltonian of a system exposed to electromagnetic radiation can be written as,

Ĥ = Ĥ0 + V̂ep + V̂er

V̂er = eA0e.
∑

cvk vcvkĉ
†
ckĉvk cos(ωt) → Electron-radiation potential

Rev. Mod. Phys. 89, 015003 (2017)
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Full Hamiltonian of a system exposed to electromagnetic radiation can be written as,

Ĥ = Ĥ0 + V̂ep + V̂er

V̂ep = 1
N1/2

∑
mnkν gmnν(k,q)ĉ

†
mk+qĉnk(â

†
−qν + âqν) → Electron-phonon potential

Rev. Mod. Phys. 89, 015003 (2017)
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Materials whose band gap is direct:
• The electron-hole pairs are created at the
same wavevector

• V̂er ∝ ĉ†c′kĉvk
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• ĉ†c′kĉvk|i0⟩→ |i0 − 1vk + 1c′k⟩→ |f⟩
• ℏω = ϵc′k − ϵvk

c′

v

c

Direct gap materials

Sabyasachi Tiwari 06 of 30



Materials whose band gap is direct:
• The electron-hole pairs are created at the
same wavevector

• V̂er ∝ ĉ†c′kĉvk
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• Transition rate:

▶ Γdir =
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Materials whose band gap is indirect:
• The electron-hole pairs are created at
different wavevectors

• Extra momentum is needed from phonons

• V̂ep ∝ ĉ†ck+qĉc′k(â
†
−qν + âqν)

• ĉ†ck+qĉc′k(â
†
−qν + âqν)|i0 + 1c′k − 1vk⟩

▶ |i0 − 1vk + 1ck+q ± 1∓qν⟩

• ℏω = ϵck+q − ϵvk ± ℏωqν

• Transition rate:
▶ Γind ∝

∣∣∣ ⟨f |V̂ep|t⟩⟨t|V̂er|i0⟩
Ef−Et

+
⟨f |V̂er|p⟩⟨p|V̂ep|i0⟩

Ep−Ei
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CHBB Theory:
Second-order perturbation theory

dNp

dt
=

2π

ℏ
e2A2

0

22
1

N

η=±1∑

cvν,k,q

∣∣∣∣ e ·
[
S(1)
cvνη(k,q) + S(2)

cvνη(k,q)
]∣∣∣∣
2

× [nqν + (1 + η)/2]δ(εck+q − εvk + ηℏωqν − ℏω)

Proc. Phys. Soc. A 65, 25 (1952)
Phys. Rev. 95, 559 (1954)
Phys. Rev. Lett. 108, 167402 (2012)
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CHBB Theory:
Second-order perturbation theory

−S(1)
cvνη(k,q) =

∑

n

gcnν(k,q)vnvk

εck+q − εnk + ηℏωqν

,

S(2)
cvνη(k,q) =

∑

n

vcnk+q gnvν(k,q)

εnk+q − εvk + ηℏωqν

Phys. Rev. Lett. 108, 167402 (2012)
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regime of direct absorption
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What happens to transition rate?
• The electron-hole pairs can be at the same
or at different wavevectors c′

v
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What happens to transition rate?
• The electron-hole pairs can be at the same
or at different wavevectors

• Et = ϵc′k − ϵvk ≈ Ef = ϵck+q − ϵvk ± ℏωqν

▶ Γind ∝
∣∣∣ 1
Ef−Et

∣∣∣2 → ∞

c′

v

c
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Phys. Rev. B 98, 165207 (2017)
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Materials whose direct and indirect
gaps are close

Γtotal = Γdir + Γind ?

Quasi-direct gap materials
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|i0 − 1vk + 1c′k⟩

Quasi-direct gap materials
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|i0 − 1vk + 1c′k⟩ |i0 − 1vk + 1ck+q ± 1qν⟩

Are degenerate

Quasi-direct gap materials
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5. Calculate observable for the current
bin→ Γ = 2π

ℏ |⟨i0|V̂er|f ;m⟩|2δ(Ef − Ei − ℏω)

6. Repeat same steps for all QD bins
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|f ;m⟩ =
∑

cvk

Um,i0−1vk+1ck |i0 − 1vk + 1ck⟩ +
∑

cvk,qν

Um,i0−1vk+1ck+q−1qν |i0−1vk+1ck+q−1qν⟩

+
∑

cvk,qν

Um,i0−1vk+1ck+q+1−qν |i0−1vk+1ck+q+1−qν⟩

+
∑

cvk

Um,i0−1vk+1ck

∑

t0

′ ⟨t0|V̂ep|i0 − 1vk + 1ck⟩
Ē − Et0

|t0⟩

+
∑

cvk,qν

Um,i0−1vk+1ck+q−1qν
×
∑

t0

′ ⟨t0|V̂ep|i0−1vk+1ck+q−1qν⟩
Ē − Et0

|t0⟩

+
∑

cvk,qν

Um,i0−1vk+1ck+q+1−qν
×
∑

t0

′ ⟨t0|V̂ep|i0−1vk+1ck+q+1−qν⟩
Ē − Et0

|t0⟩
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Ē − Et0

|t0⟩

+
∑

cvk,qν

Um,i0−1vk+1ck+q−1qν
×
∑

t0

′ ⟨t0|V̂ep|i0−1vk+1ck+q−1qν⟩
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Γi→(f ;p) =
πe2A2

0

2ℏ

∣∣∣∣∣ e ·
∑

cvk

{
U∗
p,i0−1vk+1ck

vcvk

+ N−1/2
∑

qνη

√
nqν+

1 + η

2
U∗
p,i0−1vk+1ck+q+η1−ηqν

×
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c′

gcc′ν(k,q)vc′vk

(Ē−Ei0)−(εc′k−εvk)
θc′vk (A)

+
∑

v′

vcv′k+q gv′vν(k,q)

(Ē−Ei0)−(εck+q−εv′k+q)
θcv′k+q (B)

+
∑

c′

vcc′k+q gc′vν(k,q)

εvk−εc′k+q−ηℏω−ηqν
(C)

+
∑

v′

gcv′ν(k,q)vv′vk

εv′k−εck+q−ηℏω−ηqν

]}∣∣∣∣∣

2

(D)

× δ(Ep − Ei0 − ℏω)
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Good agreement with experiments
We can also disentangle contributions from direct transitions and phonons

Phys. Rev. B 109, 195127 (2024)

Silicon
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It can recover phonon fine-structure

Phys. Rev. 111, 1245 (1958)

Silicon
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Phonons can affect the oscillator strength for higher energies

AIP Adv. 11, 025327 (2021)

GaAs (direct gap)
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Good agreement with experiments
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Ge (quasi-direct gap)
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• Special displacements method (ZG)

• Fri. 6. Zacharias
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Alternate methods
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• Introduction

• Limitations of the CHBB theory

• Quasidegenerate many-body perturbation theory
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Lecture Summary
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• We have developed a unified theory of optical absorption
applicable in all regimes of photon energy

• We applied our method on multiple materials and
obtained good agreement with experiments

• QDPT can be easily extended to higher order processes
including excitons

Conclusion
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