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Theory of optical absorption

Full Hamiltonian of a system exposed to electromagnetic radiation can be written as,

F[:F[O_i_f/op"i_‘?cr

Rev. Mod. Phys. 89, 015003 (2017)
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Theory of optical absorption

Full Hamiltonian of a system exposed to electromagnetic radiation can be written as,

H = Ho+ Ve + Ver

Ver = €Ape. ) ok chkéikévk cos(wt) — Electron-radiation potential

Rev. Mod. Phys. 89, 015003 (2017)
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Theory of optical absorption

Full Hamiltonian of a system exposed to electromagnetic radiation can be written as,

H = Hy+ Ve + Ver

ch = ﬁ > mnkw Imnw (K, q)éLkJrqénk(dT_qu + dqu) — Electron-phonon potential

Rev. Mod. Phys. 89, 015003 (2017)
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Direct gap materials

Materials whose band gap is direct:

e The electron-hole pairs are created at the
same wavevector

~

b V;}r 0.8 éI/kévk

R
S
1l

Egg(dir)

Energy

Wavevector

Sabyasachi Tiwari 06 of 30



Direct gap materials

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

~

b V;}r 0.8 éI/kévk

o él/kévk’i0>

Sabyasachi Tiwari

Energy

Wavevector

06 of 30



Direct gap materials

Materials whose band gap is direct:

e The electron-hole pairs are created at the
same wavevector

~

b V;}r 0.8 éI/kévk

hw = Egg(din)
AT A . &
® ClnCoklio) = lio — Luk + 1) g ;
1
1
1
1
\ 1
k kll-q
—

Wavevector

Sabyasachi Tiwari 06 of 30



Direct gap materials

Materials whose band gap is direct:

e The electron-hole pairs are created at the
same wavevector

~

b V;}r 0.8 éI/kévk

. h = Egg(dir)
A A . . ED
o &lpdudio)= lio — Luc + L) = |f) g ;
1
]
ll( kll-q
———

Wavevector

Sabyasachi Tiwari 06 of 30



Direct gap materials

Materials whose band gap is direct:
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Direct gap materials

Materials whose band gap is direct:

e The electron-hole pairs are created at the
same wavevector

~

A A
V;zr X CoCuk

b . hw = Eqg(dir)
A A . . ED
o &ltulio)= lio — Lo + Low) = |f) 5 5
o fw = €sx — €k E
e Transition rate: P
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Indirect gap materials

Materials whose band gap is indirect:

e The electron-hole pairs are created at

different wavevectors
e Extra momentum is needed from phonons

| hw = Eig(ind)

Energy

k k+q
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Indirect gap materials

Materials whose band gap is indirect:
e The electron-hole pairs are created at
different wavevectors
e Extra momentum is needed from phonons
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Indirect gap materials

Materials whose band gap is indirect:
e The electron-hole pairs are created at
different wavevectors
e Extra momentum is needed from phonons

A

A At N
oV, x cck+chk(a_qy + Qqp)

® éj:k—l—qéclk(d-r—qy + &ql/)‘io + 1c’k - 1vk>
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Indirect gap materials

Materials whose band gap is indirect:

e The electron-hole pairs are created at
different wavevectors

Extra momentum is needed from phonons
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Indirect gap materials

Materials whose band gap is indirect:

e The electron-hole pairs are created at
different wavevectors

Extra momentum is needed from phonons
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K A ot A
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A A At N .

CCk—i—qCC/k(a/_qV + Clq,,)‘lo + ]‘C/k — 1’Uk>
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Indirect gap materials

CHBB Theory:
Second-order perturbation theory

dN, 2me? A2 1 2

dt h 22 N

1 2
e [ngzzn(ka q) + SEU?/?](kJ q)i|

X [an + (1 + 77)/2]5(€Ck+q — Eyk T nhwqu - hw)

Proc. Phys. Soc. A 65, 25 (1952)
Phys. Rev. 95, 559 (1954)
Phys. Rev. Lett. 108, 167402 (2012)
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Indirect gap materials

CHBB Theory: Wed. 3. Kioupakis
Second-order perturbation theory

77::&1 2

dN, 2me? A2 1
dt h 22 N

cov,k,q
X [an + (1 + 77)/2]5(€Ck+q — Eyk T nhwqu - hw)

e [Sﬁi)un(k, q) + S8, (k, q)}

Proc. Phys. Soc. A 65, 25 (1952)
Phys. Rev. 95, 559 (1954)
Phys. Rev. Lett. 108, 167402 (2012)
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Indirect gap materials

CHBB Theory:
Second-order perturbation theory

Genv (ka Q) Vnuk

_SSJ%/ k7 q), = ,
77( ) Eck+q — Enk + 7’]hﬂ}qy
(2) _ Venk+q gnvl’(ka q)
chmy(k’ CI) =

E€nk+q — Evk + nm}qy

Phys. Rev. Lett. 108, 167402 (2012)
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Indirect gap materials

CHBB Theory: 10°
Second-order perturbation theory LI 296K o
8 10 \o"—‘c ~o©
3 09%% \Ou
€ 103 000 K
(o]
(1) gcnu(ka q) Vavk v 070 e
_chyn<k7 q) = ’ E 0 ¢ ;
€ck+q — Enk T Uhx,dq,/ g 9;? o  Experiment
Kk 5 1o -:)6 Theory
(2) Venk+q gnvu( ,Q) =4 o
chvn<k’ q) = hiw S o0 Pl
Enk+q — Evk +n av § 10 o
10-1\|\||||l|||i||||E|\||
1.0 1.5 2.0 25 3.0

Works well for indirect gap materials Photon energy (V)

Phys. Rev. Lett. 108, 167402 (2012)
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Limitations of the CHBB theory
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—o— Expt.

= Th. direct

= CHBB 2meV
= CHBB 10 meV
== CHBB 100 meV
= CHBB 500 meV

1 2

3 4 5

Photon energy (eV)

CHBB theory becomes unphysical in the
regime of direct absorption
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When direct and indirect gaps are comparable

What happens to transition rate?

e The electron-hole pairs can be at the same
or at different wavevectors

Energy

k k+q
Wavevector
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When direct and indirect gaps are comparable

What happens to transition rate?

e The electron-hole pairs can be at the same
or at different wavevectors
® Et = €k — €k
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When direct and indirect gaps are comparable
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When direct and indirect gaps are comparable

What happens to transition rate?
e The electron-hole pairs can be at the same

or at different wavevectors
® = €ux — €k N Ef = €ck+q — Evk + hwqu
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Quasi-direct gap material (Ge)

Iy

Energy (eV)

Phys. Rev. B 98, 165207 (2017)
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Quasi-direct gap material (Ge)
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Direct absorption only captures single peak
Indirect absorption peak shifted due to degeneracy from onset
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Quasi-direct gap materials
Materials whose direct and indirect

gaps are close

Ftotal - Fdir + Find ?

Sabyasachi Tiwari 15 of 30



Quasi-direct gap materials
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Quasi-direct gap materials
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Quasi-direct gap materials
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Quasidegenerate many-body perturbation theory

|i0 - 1vk + 1c’k>
| e

Jm““m.l‘““.[”““.[ Energy
J. Phys. B 7, 2441 (1974)

E) Ey
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Quasidegenerate many-body perturbation theory

|i0 - 1vk + 1c’k>
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|
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Sabyasachi Tiwari

E,

Energy

J. Phys. B 7, 2441 (1974)

18 of 30



Quasidegenerate many-body perturbation theory

lio = Lok + Lek)  lio — Lok + Lektq & lgv) 1. Find states in AE QD bin
| e |

Jm““m.l‘““.[”““.[ Energy
J. Phys. B 7, 2441 (1974)

E) Ey
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Quasidegenerate many-body perturbation theory
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Quasidegenerate many-body perturbation theory
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Quasidegenerate many-body perturbation theory

lio = Lok + Lek)  lio — Lok + Lektq & lgv) 1. Find states in AE QD bin

\ \ 2. Ve/p = V'ap - Zp(E — Edyip)ldo; p)(dos p|
AE

“HHH H‘H ‘“HHHHH 3. (do; 8|V ldo; p) = 3, UsmAmUpnp
4. |f: _ o Ldo: 1 (to|Vep|do;p) t ]
Energy |f’m> ZpU P | 07p> +Zt0 E—Ey, | 0>
5. Calculate observable for the current
J. Phys. B 7, 2441 (1974)
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Quasidegenerate many-body perturbation theory

lio = Lok + Lek)  lio — Lok + Lektq & lgv) 1. Find states in AE QD bin

\ \ 2. ‘7e/p = V'ap - Zp(E — Edyip)ldo; p)(dos p|
AE

3. (do; 8|V ldo; p) = 3, UsmAmUpnp
. _ . 1 {to|Vep|do;p)
“HHH H‘H ‘“HHHHH gy 1) = X, Uiy [Jdoi) + 5, )
5. Calculate observable for the current
J. Phys. B 7, 2441 (1974)

bin— I' = 2% |(io|Vee| f; m) |26 (Ey — E; — hw)
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Quasidegenerate many-body perturbation theory

1£5m) = Unio—tuct1aclio = Lok + La) + > Unmio— 1ot lacpa—las

10— Lok + 1ck+q_ 1qu>

cvk cvk,qv
+ 3 Umjio— Lyt Lacra 1 _aw [0 = Lo+ Lt +1-av)
cvk,quv
1 (to|Veplio — Lok + e
+ ZUm,io—lvk-l—lukZ (tol ep|E_ Ej) = >\to>
cvk to to
/(tg V io—l k+1,k -1
+ Z U’n7i0_1'0k+1uk+q_1qu « Z < | epl E@ - ck+q qu>|t0>
— Ey,
cvk,quv to
1 {to|Vep lio — Lok + Lekgq+1—
+ Z Um,io—luk+1ck+q+1_qy % Z < | Cp| EU_EC +q ql/>|t0>
cvk,qu to to
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Quasidegenerate many-body perturbation theory

1£5m) = Unio—tuct1aclio = Lok + L) + > Unmio—tut lacpa—las
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Quasidegenerate many-body perturbation theory
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Quasidegenerate many-body perturbation theory
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Quasidegenerate many-body perturbation theory
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Quasidegenerate many-body perturbation theory
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Imaginary dielectric constant
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Silicon

Good agreement with experiments

We can also disentangle contributions from direct transitions and phonons
Phys. Rev. B 109, 195127 (2024)
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Silicon
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Phys. Rev. 111, 1245 (1958)
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GaAs (direct gap)
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Phonons can affect the oscillator strength for higher energies

AIP Adv. 11, 025327 (2021)
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Ge (quasi-direct gap)
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Alternate methods

e Special displacements method (ZG)

e Fri. 6. Zacharias
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Phys. Rev. B 94, 075125 (2016)
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Conclusion

e We have developed a unified theory of optical absorption
applicable in all regimes of photon energy

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

e QDPT can be easily extended to higher order processes
including excitons
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QDPT convergence
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QDPT convergence
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