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0 Photoemission: Why more than independent electrons?
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Direct Photoemission

photon in - electron out

E(N)+hv = E(N—1,i) + En

Ei = E(N)-E(N—1,i) = Exn—hv N

N-1

occupied states

‘ S. Hifner, Photoelectron spectroscopy
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Direct Photoemission

Bulk silicon
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M. Guzzo et al., PRL 107 (2011).

photon in - electron out

E(N)+ hv = E(N —1,7) + Exn
Ei = E(N)-E(N—1,i) = Ekin—hv
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Direct Photoemission

Bulk silicon
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Mamernum

Courtesy of Mohamed Hamid - AIMS Cameroon.
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Angle-resolved photoemission (ARPES)

photon in - electron out

E(N)+ hv = E(N =1, i) + Exn

Ei = E(N)—E(N—1,i) = Ejn—hv

...plus momentum

] Germanium:
conservation = ARPES PRB 32 2326 (1985); PRB 47 2130 (1993).
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Inverse Photoemission

electron in - photon out
E(N)+ Exin=EN+1,))+ hv

E = E(N+1,))—E(N) = Exn—hv

aka Bremsstrahlung
isochromat spectroscopy (BIS)

N+1

empty states
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Inverse Photoemission

electron in - photon out L r x

Germanium:
PRB 32 2326 (1985); PRB 47 2130 (1993)

Ey = min{Ex — £/} = min{[E(N+1,.0) — E(N)] ~ [E(N) — E(N =1, v)]}
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Why more than Kohn-Sham?

Kohn Sham gaps

Si NaCl
indirect  direct at I'|direct at T’
QMC derived| 0.69 2.72 5.25
PBE 0.66 2.60 5.08
LDA 0.49 2.55 4.59
Exp.  |1.17[85]  3.05[57] 8.5(86]
3.40(85]

A. Aouina et al., PRB 107 (2023).
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Why more than independent electrons?

Hartree-Fock

N

L G X L r X L G X

Germanium band structure

Exp. from PRB 32 (1985); PRB 47 (1993);
GW from PRB 48 (1993); Hartree-Fock from PRB 35 (1987)



What are the differences???

Kohn-Sham

[i + Veat(r) + VH(I‘)] Pilr) + Vee(r)pi(r) = €ip0i(r)

Hartree-Fock

[Z V(1) + vmﬂ} 0iv) + [ VI () onr') = En(r



Vitlpl () = / ' )

v — 1’|

Hartree-Fock

UF (p v(r,r’) Y(rx) =) éir)e; (')
T (r?r)__lr_rfl i
y(r.r) = p(r)
Kohn-Sham
5Exc

Veelll0) = $55 Exelpl = Tlp) = Lol + Eeclp] - Bl



Vieln](r) (non-local) functional

V. (1) n(r)
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Vieln](r) (non-local) functional

V..(1) n(r)

homogeneous density n" - the same density everywhere

rhy :
Viin™) ...becomes a function

..and the same for any density functional F.. [-n}



DFT . A“multiverse” theory

HV = EV
U =U(ry,..,ry)

All observables

Kohn-Sham
Vieln|(r) ?

Real Auxiliary
world n(r) world




DFT . A“multiverse” theory

HY = EV Homogeneous
U= U(r ex) Kohn-Sham electron gas
— Ly e I'N L’:{ C[n] (I‘) f) ??..-h V::: (nh,)

All observables

Real Auxiliary Model
world n(r) world world




DFT . A“multiverse” theory

HY = EW Kohn-Sh Homogeneous
ohn-Sham
U = 111(1-1j ---J‘N) electron gas

7 [n P, h 1/hy/ .h'
All observables Lxc[n](r) - n Lxc(n )

Real
world




DFT . A"multiverse” theory

HY = EV <ohn-Sh Homogeneous
ohn-Sham
U = U(ry,...rN) electron gas

n P, h h ;h’
All observables E{C[n](r) - n ch(?’? )

Real Auxiliary Model
world n(r)

Vie[n](r) = Vie(ny = n(r))

Eycln] = / dr n(r)e” (n" = n(r))




Vieln](r) (non-local) functional

V..(1) n(r)

Vieln](r) LDA: it becomes a local functional

V. .(1) n(r)
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What happens?




Non-interacting particles
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Non-interacting particles
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Nothing
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Interacting particles



Interacting particles

~Reaction:
polarization, screening
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Why more than independent electrons?

GW Hartree-Fock

TR

L G X L r X L G X

Germanium band structure

Exp. from PRB 32 (1985); PRB 47 (1993);
GW from PRB 48 (1993); Hartree-Fock from PRB 35 (1987)
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e Absorption: Why more than the band structure?
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Spectroscopy
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Spectroscopy

A first example

NG

Perturbation Excitation Response
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Theoretical spectroscopy

Silicon
Optical Absorption
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Exp. at 30 K from: P. Lautenschlager et al., Phys. Rev. B 36, 4821 (1987).



Absorption Summary
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@ Which kind of spectra?
@ Which kind of tools?
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Absorption
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Beer-Lambert law: [ = e~

a(w) x Imey(q — 0,w) = (extended system) absorption coefficient
o(w) < Imey(q — 0,w) = (finite system) photoabsorption cross section

E(x,t) = B S¥e ™t A= ep=n+ik ey=ec+ie

\ J. D. Jackson, Classical Electrodynamics
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Silicon
Optical Absorption
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a(w) < Imey(q — 0,w) = (extended system) absorption coefficient
o(w) x Imey(q — 0,w) = (finite system) photoabsorption cross section

IMmey(w) = e2(w)
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More than LDA band structure

Independent transitions:

82 i
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What is wrong?

What is missing?



Absorption

More than GW band structure

Independent transitions:

q.—>0 qu Z| Pik—qle”" @ik [*5(Ejk—q—Eix—¢
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Absorption
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Absorption

v

Excitonic effects = electron - hole interaction
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Absorption spectrum

Bulk silicon

G. Onida, L. Reining, and A. Rubio, Rev. Mod. Phys. 74 (2002).
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Bound excitons

E.»s = Optical gap < Photoemission (fundamental) gap = E,,
Binding energy = Epes — Eabs

o (eV)

Solid argon: F. Sottile et al. PRB 76 (2007).
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Many thanks!



