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Motivations

v’ Calculate & Reproduce

v Understand & explain

v Predi
redict light-emission

LEDs, lasers,
photo-sensors

photo-catalysis

photo-chemistry



OUTLINE

What we have learned so far
(Main missing physical ingredients)

the Bethe-Salpeter Equation (BSE) :
physical concepts & derivation

the BSE & spin

Applications



CHARGED EXCITATIONS / NEUTRAL EXCITATIONS
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tip atoms
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Independent electronic transitions

In the linear response regime:
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Not enough both at DFT or GW level
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Very bad agreement for insulating or low-dimensional materials
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Very bad agreement for insulating or low-dimensional materials

Which are the missing physical ingredients?
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Local Fields Effects (LFE) : The contributions to the macroscopic

dielectric function €, due to rapid oscillations of the induced
potential produced by an external slowly varying potential

H. Ehrenreich, in the Optical Properties of Solids,
Varenna Course XXXIV 1966

D. L. Johnson, Physical Review B 12, 3428 (1975)

S. L. Adler, Physical Review 126,413 (1962)



Local Fields Effects (LFE) : The contributions to the macroscopic

dielectric function €, due to rapid oscillations of the induced
potential produced by an external slowly varying potential
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Local Fields Effects (LFE) : The contributions to the macroscopic

dielectric function €, due to rapid oscillations of the induced
potential produced by an external slowly varying potential
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Microscopic/Macroscopic connection

In reciprocal space
(periodic systems) :

H. Ehrenreich, in the Optical Properties of Solids,
Varenna Course XXXIV 1966

D. L. Johnson, Physical Review B 12, 3428 (1975)

S. L. Adler, Physical Review 126,413 (1962)
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The inclusion of LFE is not enough



Alternative formulations of LFE
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Alternative formulations of LFE

() — im 1 Abs o< Slepy]
M — _
q—0 €0 1(q, w) EELS —C&[En_ﬂl] = —‘3[1 + l-*’OXOO]

Irreducible polarizability

/
Y =P+ P[VGZO + VG%O]X

\

reducible polarizability



Alternative formulations of LFE

R — 1 Abs o< Slepy]
970€50 (9:w) | EELS x —S[ept] = —S[L + voxoo]

Irreducible polarizability

/
X = P+ Plvg—o + vio]x

\

reducible polarizability

Introducing a modified polarizability P=P - PvP

(see i.e Onida, Reining, Rubio RMP 2002)



Alternative formulations of LFE

R — 1 Abs o< Slepy]
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Irreducible polarizability
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(see i.e Onida, Reining, Rubio RMP 2002)



Alternative formulations of LFE

R — 1 Abs o< Slepy]
970€50 (9:w) | EELS x —S[ept] = —S[L + voxoo]

Irreducible polarizability

/ O (G = (0 Coulomb term
X = P + P[VG:() + VG%(]]X vV — G without long-
\ \q+G|2 7é range part

reducible polarizability

Introducing a modified polarizability P=P - PvP

EM (w) =1 — IIII%] ’U(Q){)P{)g(q,w)

q—

(see i.e Onida, Reining, Rubio RMP 2002)



Electron-hole interaction

electrons and holes
are not indipendent
but feel each other

continuum excitons
peaks renormalization
above the electronic gap

bound excitons below it
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Electron-hole interaction

electrons and holes
are not indipendent
but feel each other

continuum excitons
peaks renormalization
above the electronic gap

bound excitons below it

asE | Abs(w) x ) |- D\[Po(hw — EY€)

A
Excitonic R . cv exc VC __ [Cexc pvc
dipoles Dy = Z < c|Flv > A} H{W:).(V’::’) A EA AA
ar, / \
Excitonic Excitonic Excitonic

hamiltonian eigenvectors eigenvalues



Key quantity :
Polarizability/response function

/\Q'/ At the IP level
\/‘T P(12) = —iG(12)G(21) = Py(12)

l=ry,01,%1...

Onida, Reining, Rubio Rev. Mod. Phys. 74, 601 (2002).



Key quantity :
Polarizability/response function

/\/ At the IP level
\/'h/ P(12) = —iG(12)G(21) = Py(12)

l=ry,01,%1...

Beyond it
P(12) = —iG(13)G 42 éh

W = -

Onida, Reining, Rubio Rev. Mod. Phys. 74, 601 (2002).



BSE: the derivations

Non-equilibrium dynamics of the response function
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Onida Reining, Rubio Rev. Mod. Phys. '}44 601 (2002) Cim. 11 '12 (1988)
l‘f Generalization of the response
“i f function to 4-point...
EENRRNEY N O 5




BSE: the derivations

Non-equilibrium dynamics of the response function
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G. Strinati, Riv. Nuovo
Cim. 11, 12 (1988)

Generalization of the response

Onlda Reining, Rublo Rev. Mod Phys. '}4\ 601 (2002)
i
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BSE: the derivations

Non-equilibrium dynamics of the response function
19) — op(l)  .ox(12)
lteration of Hedin’s X'( ) = SV (2) 71 o7 —
equations that contain the - ext
response function

5G(12)
0 Vext(34)

G. Strinati, Riv. Nuovo
Cim. 11, 12 (1988)

4L(1234) =

Onida Reining, Rubio Rev. Mod. Phys. 4

GeneralizatTommef=er® response

L Hedin Phys Rev 139 (1965) \
|
‘\ function to 4-point...



BSE - Route 1

screened potential

irreducible polarizability:
change of the density
to a change of total potential

Hedin's Pentagon
set of integro-differential equations



BSE - Route 1

v+vPW = W | = Go+ GG

~iGGT = | | =00+ SZGGT



BSE - Route 1

v+ v PW = W'

1 iteration




BSE - Route 1

From Y — JGW
The vertex equation is:
0>
['=00 4 GGl
2 iteration Using: oG
0




BSE - Route 1

From the vertex equation to a 3-point
irreducible polarizability

Multiplying the 3-point vertex by -iGG and integrating over (12):

*P(763) = —iG(73)G(36)+i / d(12)W(172)G(71)G(26)°P(123)




BSE - Route 1

4Py(7634) = —iGo(73) Go(64) YW (1258) = W(172)5(15)5(28)

Dyson-like equation
for the 4-point irreducible polarizability



BSE - Route 1

Combining this equation for the irreducible polarizability:

P =" Py+t Py(—W)P

and the equation that connects the irreducible to the reducible polarizability

"p =t p it Pyt



BSE - Route 1

Combining this equation for the irreducible polarizability:
A 4 4 A7
P =% Py +* Po(—W)*P
and the equation that connects the irreducible to the reducible polarizability
A5 43 4 p-4F
P="P+"Pv'P

A Dyson-like equation for the modified (reducible) 4-point polarizability
can be obtained:

Excitonic kernel
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Free e-h propagation




BSE - Route 1

Combining this equation for the irreducible polarizability:
A 4 4 A7
P =% Py +* Po(—W)*P
and the equation that connects the irreducible to the reducible polarizability
A5 43 4 p-4F
P="P+"Pv'P

A Dyson-like equation for the modified (reducible) 4-point polarizability
can be obtained:

Free e-h propagation

Excitonic kernel



e-h exchange interaction (repulsive)
responsible for LF effects




e-h exchange interaction (repulsive)
responsible for LF effects

e-h direct interaction
(attractive)




7 3 7

6 Y 6 2 9
e-h exchange interaction (repulsive) e-h direct interaction
responsible for LF effects (attractive)

Common approximations

= |InP, Giscalculated from GoWo
= We neglect how the screening
changes with G

Beyond SBSE G. Strinati PRL 49, 1519 (1982); PRB 29, 5718
(1984). A. Marini R. Del Sole Phys Rev Lett.91 17 (2003)



BSE - Route 2

x(1,2) = 520 p(1) = —iG(1.1%)

Notation: 1T means rit; +n withn — 0

We can introduce a 4-point correlation function:

L(1,2,3,4) = 2&W:2)

5Vowt (3,4)

So now we must look for an equation for L



BSE - Route 2




BSE - Route 2

L(1,2,3,4) = 50202 = —G(1,5)55—E9G(6,2)

 0Vext(3,4)

/

Hartree VH + 3 Exchange-correlation



BSE - Route 2

S§G(1, 6G (5,6
L(]’? 2’3’ 4) — 6Vem(t1(32,)4) — _G(1?5) 5VemtE314% G(6? 2)

S[GT1(5,6)—Vert(5,6)—2(5,6
= —G(1,5) % 20 e BO- 2001 G (6, 2)




BSE - Route 2

S§G(1, 6G (5,6
L(]’? 2’3’ 4) — 6Vem(t1(32,)4) — _G(1?5) 5VemtE314% G(6? 2)

S[G Y —Vewt(5,6)—3(5,6
— _G(la 5) - xzsvemt(g(ﬂ))\ ( )]G(6j2)
6(5,3)0(6,4)




BSE - Route 2

§G(1, §G~1(5,6
L(]’?Q’S’ 4) — 6Vem(t1(32,)4) — _G(1?5) 5VemtE314% G(6? 2)
/ I—O ~,

— G(1,3)G(4,2) + G(1,5)G(6,2) 52200




BSE - Route 2

L(1,2,3,4) = 2502 — _3(1,5)25 B8

OVeart (3, 4) o

/LO\

— G(1,3)G(4,2) + G(1,5)G(6,2)




BSE - Route 2

=(5,6,7,8) = 2205

= 5G(7,8)

Vi (5)5(5,6) n 62(5,6)
—\_ 0G(7,8) 5G(7,8)




BSE - Route 2

— 02(5,6
2(5,6,7,8) = saas)

SV (5)6(5,6) Y, [ 62(5,6)
—\_ 0G(7,8) 5G(7,8)

OV (5)d(5,6 :
s = —iv(5,7)8(5,6)5(7, 8

02(5,6)  .8[G(5,6)W(5,6) :
5G(7,8) " [ 5G(7.8) L~ iV (5,6)5(57)8(6, 8)



BSE - Route 2

Independent electron-hole propagator L0(1234) = G(13)G(42)

Two Particle correlation function L(1234) = 62(1234) —G(13)G(42)




How do we solve the BSE?

Assuming that only a small set of single-particle transitions
contribute to the relevant spectral features, it is convenient to
move to “transition space”.

The transition-space matrix element of a generic 4-point
function is computed as:

@ )
Attf — A(nl ,Hg)(n;g,ﬂ,,»;)

— / drydradrsdryA(1,2,3,4)¢n, (r1)bs (r2)d5. (r3)dn, (r4)

. J

This will allow to rewrite the BSE as an
effective two particle excitonic Hamiltonian



Excitonic Hamiltonian

In transitions space we have:

- . T excy—1
P{nlng}{mm}("‘-") — U""“ —H ){nlnz}{ngm}(fm W fm)
Where:




Excitonic Hamiltonian

In transitions space we have :

’B{nlnz}{mm}(ﬁ‘-’) — “L‘J - HEH)_I (fm - fm)

(mimz)(n3ng)

Where:

mm mny —{y'c'} {cV'} v'v/} {c'c"}

}
{VC} / H(E‘TCC)-(VFCF) K(‘gé(fr”r) K(VC).(V’l;’) K(vc),[c’ c)
{C V} —K(e) (ve) _H(cv),(v’c’) ~New), (v'V) R (ew) (e
{VL_#’} 0 0 (Ef,e — Ev)ﬁvlvréﬁ';r 0
{CE} \ 0 0 0 (EE — Ec)ﬁc_cr(?h;,

For extended systems
n=nk




Excitonic Hamiltonian

In transitions space we have :

- . T excy—1
P{nlng}{mm}("‘-") — U""“ —H ){nlnz}{ngm}(fm W fm)
Where:

Only terms between occupied and
unoccupied pairs contribute to the
dielectric function




Excitonic Hamiltonian

Resonant

<E}{E.F‘EE > Kuc )
( [Kw: <E}{EFEE E

Anti-Resonant

In a compact notation :

y
R C R is hermitian
(" _R* C is symmetric



Excitonic Hamiltonian

Resonant Coupling

exC,res
ve). (v/c!

o K{vc),(c’u’)

-~ E'KE‘ res

()(

Anti-Resonant
In a compact notation :

y
R ( R is hermitian
_(F — R:F C is symmetric



Excitonic Hamiltonian

K20 R
_[K(w: , ] [ o).(v! r::’)]

Tamm-Dancoff Approximation (TDA)

In most cases, it works fine. All the times there is a sharp
distinction between excitonic and plasmonic excitations.
Valid if the coupling terms are small !



Resonant Excitonic Hamiltonian

Good approximation to calculate
the optical spectra of extended systems



What about spin?



What about spin?
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What about spin?

Collinelar' | Colllrllear'd Norndl hetr
hon spin-polarize spin- po arize
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Z




What about spin?

Col!inelar{ ] ColllrI\ear'd Norndl hetr
non spin-poiarize spin- pO arize
o2¢ St5—

Z

Gnt(r) # dny(r) S (r)
€nt 7é €nd Y









Collinear case

exc _
(voveoe),(Vio o)

(HY% + KX + K°)

(vgvcgc),(v"gv;c’{:rc;)

Diagonal part

diag (P qp
H(FG_FCG.C)'(FFUV’EFUCI) - (EL-UE_EUE}_V)5UFFI6E'EI6S_C'UE(§UV'JL




Collinear case |

Exchange

X o
K(vcrw:crc),(u"crv;c’gc,) — V(FEFVEUC),(Frﬁvrfrifcr)gifc,ifﬂﬁifcr,ETU..F

B / d°rd’r' &, (1) v () V(r—r") b o (') Do (1)

where O = Oy, O,
O =0,,0



Collinear case

Correlation

E —_—
K(VUV':JC)'(F’UF:E’U‘C;) - W(FEFVL‘EFL-),(F’UFrE’Jc;)Cch,JE;CSgF'gF

- / d3rd3r’¢;(r)¢irg(r) W(r_rr)‘i’vcr’(rr)ﬁbi’cr’(rf)




Excitonic kernel in G-space

Exchange term

_ 1 - -
K v = Vo ok = 3 v(G) (ck\elGr\t}k) (ﬂ’k’\e_ier\c’k’>

Single sum over G

Correlation or direct term

K vne = Woaewere = 4 (q + G)|‘EG%G,((1)|CI(‘€3(Q+G)PC’k’)(@’k’ﬁi(q—FGf)rUk)(sqkk’
Y\
Double sum | Static Dielectric
over G and G matrix: most time

consuming part of
the calculation!



BSE & spin

Collinear non spin-polarized case

(V1) (Vi) (Vi) (Vi
/Hdiag + KC4 K7

0
Hdiag + K¢
0
0

()

()
Hdiag + K¢

()

0
0
[ diag + K¢+ K:;::/




BSE & spin

Collinear non spin-polarized case

Hdiag n K¢

0 [ diag + K¢+ K:;::/




BSE & spin

Collinear non spin-polarized case

3
diag + K¢+ K:;::/




BSE & spin

Collinear non spin-polarized case

The only transitions which contribute to optical absorption
within the dipole approximation (spin-selection rule)



BSE & spin

Collinear non spin-polarized case

Since also S2 is Rotate in the basis of

conserved = single‘( :
and triplet exciton states

(vict—vicl)
Sin .’et—(VTCTJrVLC“ ' V2
glet = /2 Triplet = vtecl
eand h
\elic.‘rr'onlfnld hc?le have havr:a parallel 1 vilict
antiparallel spins spins
HY% 4+ 2K* 4+ K°© 0
deag 4+ K€ 0
0 0 H% + K° 0

0 0 0 H2g 4 K¢

Triplets are always lower in energy than singlets



BSE & spin

Collinear spin-polarized case

(Vi) (Vi) (Vidn (Vi)

diag T c T
[ Hy*+Kf + K5, | K%,

n n 2*N MATRIX Cannot be
further blocked ...

Spin-flip excitons, dark




BSE & spin

Collinear spin-polarized case

n n 2*N MATRIX Cannot be
further blocked ...

Spin-conserving excitons , bright



BSE & spin

(non collinear case -SOC)

qp qp
Ec — €y )oc crdy v

Koy (vieny T Kivey(vier

4*N X 4*N matrix

Matrix cannot be blocked
.. mixing with spin-flip transitions



BSE & spin

(non collinear case - SOC)




BSE & spin

(non collinear case - SOC)

VC) (V'Cl) —

/d3rd3 r:f:r( beif(r f’ r)vcr’(r )Cb (f’)



BSE & spin

(non collinear case)




BSE solvers

T 7 excy—1
ey < P < (lw— H™) 1) (e



BSE solvers

r Nl excy—1
ey < P < (lw— H™) o) (e

Inversion

Lapack/scalapack
Libraries

Recursive approach
Lanczos/Haydock
Very efficient

good MPI scalability

Only spectrum



BSE solvers

r Nl excy—1
ey < P < (lw— H™) o) (e

Inversion

Lapack/scalapack

Libraries
. _ “n1ny An3n Recursive approach
with  Syy= >, Agmmamm

| nln;m A Lanczos/Haydock
Lapack/scalapack libraries Very efficient
All Eigenvectors/eigenvalues good MPI scalability
Slepc/Petsc libraries (for large-scale
sparse eigenvalue problems) Only spectrum

Only a limited number eigev/vect



BSE solvers: diagonalization

Considering the full excitonic hamiltonian:

}qqlﬂz
I r
mlimg_0— 2 S S < nyle " > Eoe — ¢

w —In

A, \’ nymng

)\/\’Z < nq\e’qr n3 > A" (fry — )

n3ng




BSE solvers: diagonalization

Considering the full excitonic hamiltonian:

}qqlﬂz
dimgy_0— S S < nile” ””|ng:f~ ’ — ¢
q— 2 E;exr —w — in

A, \’ nymng

)\/\’Z < nq\e’qr n3 > A" (fry — )

n3ng

Considering only the resonant excitonic hamiltonian:

Sep(w)] = ;,mqqﬂ‘*; D13 < clevrlv > Aoy -




BSE solvers: diagonalization

Considering the full excitonic hamiltonian:

}qqlﬂz
I r
mlimg_0— 2 S S < nyle " > Eoe — ¢

w —In

A, \’ nymng

)\/\’Z < nq\e’qr n3 > A" (fry — )

n3ng

Considering only the resonant excitonic hamiltonian:

S [em(w)] = 4#2\@\% (S —

using 'D/\:Z‘i C‘é-r‘V}A;E —< /\\ér\(}}



BSE solvers: iterative inversion

[EM ]_4WZZ‘D}L‘25 Eexc )

E—fqr

- 4“2,',,-”%[,2 < A2 0 > [*6(EQ — hw)

.-‘.-mq_}g Z < 0|é-

n:| r E—fq-r

M}{Ma

0 > 0(EXC — hw)

E—fq-r

q

= ﬁ‘{—dﬂﬁmq_m < 0|e-




The Haydock/Lanczos approach

. 1 TR 1
I(z) =9 |< 0|01 —P|0 =3 |< P —|P >
(z—H+in) | (z — H+in)

e

Pl= 1) = GHE b= H) = aili) = biali - 1)]

e b i
o1 = H ) bl

[(z) =S




The Haydock/Lanczos approach

70
= I
I ﬁ — 60
N 41 iterati ] |
c— B neratons ]
o!
© — 56 iterations ~ 50 5
DD_ ==+ 65 iterations B 1
— - =+ 86 iterations — 40 ¢
¢ ! 1 E
O =
= \ — 30,
@ _ 1 D
© | _ .
2) | | - 5 05
o = - ; i
40% F | TR B 0
0% |
40% = | I I
2 4 0 1000 2000 3000 400D

Energy (eV) Mumber of e-h pairs

Number of iterations ~100-200 almost independent from matrix
size - Easy to MPI parallelization
Method generalized also to non hermitian matrices

Gruning et al Nanoletters 6, 257 (2010)






Continuum & bound excitons |’

Bulk silicon EXC TON

60

weak bond

wide gap

Low dielectric screening
Large e-h attraction -W

EX << EIF — EWF
Solid argon

T T T T T T T [
15
AP

» LY
| === 1P-RPA
[+« «+ GW-RPA
| m— BSE

wieV)

G. Onida, L. Reining, and A. Rubio, RMP 74 (2002). 10

covalent bond
small gap
Large dielectric screening

£~ £ — £

F. Sottile, M. Marsili, V. Olevano, and L. Reining, PRB 76 (2007).



Bulks - surfaces - liquids
Bulk Materials
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[ 510 41 - M -
e = I = -q
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4 _ A 3.0 |
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RAS (x1000)
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5.0 ' - . IR
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energy (eV)
Diamond(100)(2x1)
M. Palummo, et al., PRL 94 (2005).

[ :-?-.IIIIIIEIH-.IE..IEIIIIII
Energy |eV]
A. Marini et al. PRL 91 256402 (2003)

E |eV]

. .4 "
ST P B Sy Mo
LIL,.‘.;:;:H walel

V. Garbuio, et al., PRL 97 (2006).



1D-materials : BN nanotubes

EXC TON

Low-dimensionality & small screening
Large quasi-particle corrections
+ Strongly bound excitons GW + Bethe Salpeter
. A) continuum onset
, Single sheet of hexagonal BN bul||< fo |
[ ' T ' | ' | ' | ' ] . = == +
- B g | ' | ' | ' |
3k - _‘ B) continuum onset
F . GW shift ] ‘& v
[ ] sheet AN e
E 2;_ N PO — A g J|e : H| — | — |L
= [ , o e ] <) continuum onset
= 1F GW + excitonic effects . L
5 of ] (6.6) ¥
v 1B binding energy of Ist exciton _ —
R ] 3 (5.5)
- @ — g -
5 I . | . | . | . 1 = Y’
20 40 60 80 100 = ’
distance (a.u.) o (6.0) jt i
Need to converge the vacuum size O
L. Wirtz, A. Marini, A. Rubio PRL 96, 126104 (2006)




2D -materials

ERC TON
v' screening strongly t."educed v’ Electronic gap >> optical gap
v' large quantum confinement v Strongly bound excitons

Interlayer/Charge-transfer excitons

log (dli/dV) (decade/div)

d
\?\f\/? ( TMD-bilayer
v : | - R
TR w, | EBE =0.55eV . Wy Type II interface
\ : "". of Single-layer MoSe, CQ\/ T
ll‘\ﬁ“:' -E,=2.16V- | =RT S— 1L-WS, Tetracene
STS :Vf‘";’\" :,ym’u ‘“}/'} —77K i“, -24eV
Y ' " -34eV
T T I--"ELI : = (a\
45 40 25 20 45 -0 05 00 \ .
Bias voltage (V) X Hong et GI O, 5aeV
Nat. Nan 2014 TR
MoSe, on BLG .

1 14 1 .|5 1 .l6 1 17 1.8
Photon energy (eV)

Ugeda et al. Nature Mat 2014. (2014)

T.Zhou et al Science Advance 2018
WS2/tetracene



2.5

2.4

2.3

Energy (eV)

2.2

21

2D-materials

M.Palummo et al NL 2015

Single-layer
n

MOSZ

A.Molinas Sanchez et al.

PRB2013

i MosS, (1L)
5
0—-‘
" MoSe, (1L)
Ll 5
o
[0}
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Energy (eV) 1
@ Experiment
_(a) 7 Theory
Band gap = 2D Hydrogen

Chernikov et
al PRL2014

@
1

Quantum number n

2.

o

E (eV)
Molina-Sanchez et al. PRB (2013)

2.5 3.0

MoS,/BN

€, (arb. unit)

—HSE
——RPA

Energy (eV)

4

(d) I MoS,/Graphite

Optical versus
electronic gap
(role of

——BSE
——RPA

g, (arb. unit)

Energy (eV)

Y. Yang et al TMCC 2019



Beyond Tamm-Dancoff approximation

Mixed excitonic-plasmonic excitations

in hanostructures
(M. Gruning et alNanoletters, 6, 257(2010))

leh) |he) R —_——

Intensity

=
s |
H=|T{er]| B C g
0 T: —— T:
(he| | —C* —R* 3 pancott .\ Dancoff
= 60
v \
8
@ .!“'
I SN TUU PR il J | YU S | .
2 4 6 8 2 4 3 8
Energy (eV) Energy Loss (eV)
Excited states of biological chromophores
(Y. Ma et al J. Chem. Theory Comput., 6, 257-265 (2010))
MBPT
TDA Full BSE
State Sta. Sta. Dyn. Exp.

pCA S 4.46 4.06 3.94 4.06," 4.00¢

S, 4.25 4.33 4.20 4.37°
TmpCA-~ S 3.34 2.91 2.80 2.78¢

AP 3.44 3.44 3.19 3.14°
PSB11 S 2.61 2.13 2.04 2,038

S, 3.29 3.05 3.01 3.18¢

AT ~ Fmmmem i



Alosonpion (arbirary wnits )

GW+BSE

Beyond Tamm-Dancoff approximation
Free-base porphyrins molecules

(a) H,P

i

i

N
o, vh

L
e, T

2

LAY,
a 4 g

Energy (&V)

(B) H,TPP

GW+BSE
B

B
-:-'-

O *
RIES § W

Expt.

f e
1'.
'
e’ E
' x
* nars e st
z 3 4 B

Energy (V)

1 GW+RPA!

== GW+BSE resonant only
(Tamm Dancoff)

_1 GW+BSE full

(x-polarization |
only)

Absorption (arbitrary units)

3 4
Energy (eV)

M. Palummo , C.Hogan et al.
JCP 13184102 (2009)



Exciton amplitude

Beyond Tamm-Dancoff approximation
/n-based porphyrine crystal

increasing single-particle transitions

a (TDA)

Absorption || c-axis (arb. units)
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M. Palummo , et al
JPCL 2021



>

Excitation energy (eV)

(=}

Finite-momentum BSE

Finite-temperature BSE

&

e 250Pa F.Fossard et al PRB 96 2017
sl S.Ataei et al PNAS 118,13 2021
b |
0 01 02 03 04 05 ,
Exciton momentum q (Bohr") -
A.Marini PRL 101, 106405 (2008) 3.9

E Cannuccia, A Marini PRL 107 (25), 255501
A.Molinas-Sanchez PRB 93, 155435 2016

Phonon-assisted PL spectra

(b) + Experiment
. TO, — Calculation (R*?)

Ultrafast carrier dynamics/

Real-time BSE | |\ cient absorption spectra/

R K+ K- - :
5.7 5.75 55 5.85 5.9 Y N 3
E.Cannuccia et al PRB2019 SRR &
F.Paleari et al PRL2019 s % R o
HY Chen et al PRL2020 = b, Nigaes
Y.Chan et al NL2023 b g NS “Preg

C .Attaccalite et al PRB 84 2011 TZfi(;() 10000 12500
D.Sangalli et al PRB 93 2016

AM Sanchez et al Nano Letters 2017
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Thank you for your attention

Look at www.yambo-code.eu

1. Many-body perturbation theory calculations using the yambo code
Journal of Physics: Condensed Matter 31, 325902 (2019)

2. Yambo: an ab initio tool for excited state calculations
Comp. Phys. Comm. 144, 180 (2009)

Credits to Margherita Marsili & Myrta Gruning for some slides adapted


http://www.yambo-code.org/
http://www.yambo-code.org/
http://www.yambo-code.org/

Bethe-Salpeter calculation step by step

oSN
DFT calculation (here from pw.x
( pw. ) ~e—
Calculation of QP corrections ‘*:‘_—_:’ 2
Calculation of the screening W o~
Calculation of the BS matrix L
Solution of the BS equation i (T Eﬁ) V?
(he| | —=C* —R* 2"




BSE in the eh-space

eh) |he)
[BSK] runlevel: yambo -0 b - ((Sh R
main variables: (he —C* —R*
optics # [R OPT] Optics
bse # [R BSE] Bethe Salpeter Equation.

BSEmod= "retarded" # [BSE] resonant/retarded/coupling
BSKmod= "SEX" # [BSE] IP/Hartree/HF/ALDA/SEX
% BLongDir

1.000000 | 0.000000 | 0.000000 | # [BSS] [cc] Electric Field
%
% BSEBands

1| 8| #[BSK]Bandsrange that entersinthe BSE matrix



The QP transitions energies
(in the diagonal terms of H

EXC)

1 You can compute the quasi-particle corrections as shown
in the GW tutorial

Silicon
Optical Absorption

[Xd] runlevel: yambo -g n/s

and import them later when you compute the optical = |
spectrum

KfnQPdb="E< ndb.QP" # [EXTQP BSK BSS] Database

2 Or you can take it from the literature and insert the right parameters (scissor
+ streaching) in the input file later when you compute the spectrum

% KfnQP_E
0.80000 | 1.000000 | 1.000000 | #[EXTQP BSK BSS] E parameter (c/v) eV|adim|adim
%



Calculation of the static screening:

- fn”k) X

XU(}Gf (CI; =2 Zﬂﬂ [BZ 2n)? ,On 'nk (qa G) Pn'nk (Q: Gr) fnk—q (1
1 1
\ [w+snk_q—sn;k+i0+ a w+5n;k—snk_q—i0+] '
: "N 0 1
Xaar (q,w) = [OGG” —v(q+G )xag” (q,w)] X (@w).

N

f(;l(;rr (q w)=odga +v (q + G) XGG’ (q* E“"!) :

[Xs] runlevel: yambo -b:

emis

Chimod= "hartree"

% BndsRnXs
1] 8 |

%

NGsBlkXs=1

% LongDrXs

1.000000 | 0.000000 | 0.000000 |
%

# [R Xs] Static Inverse Dielectric Matrix
# [X] IP/Hartree/ALDA/LRC/BSfxc

# [Xs] Polarization function bands
RL # [Xs] Response block size

# [Xs] [cc] Electric Field

Random-Phase-Approximation

Static: w =10

This is needed to construct the BSE kernel

g



Or take the screening from
the dynamical screening:

[Xd] runlevel: yambo -d / yambo -p p

Maybe you previously calculated the dynamical dielectric,
so you have the ndb.em1d or the ndb.pp database, and you can
use the static part reading them ...



Calculation of the BS matrix:

W{I?}Ik QN mekq k - kl?G)pn’s’(qu k- klaG!)EGG’v(q_I'GI)

58 kl

Vnnk ONT Zﬂnn k q = UG),O.H (klsq 0 G) (G)
ss'k Q q
1 G#0

H nm'k — ( nk — En k) dﬂm()n’m”bkk’ f fnk {‘ / nn'k T W nn'k ] '

fy 7 Iy ! Iy !
mm' k mm' k mm ' k

[BSK] runlevel: yambo -0 b -k sex,

main variables: ¢, opgh= "none" | # [EXTQP BSK BSS] Database
BSEmod= "retarded" | # [BSE] resonant/retarted/coupling
BSKmod= "SEX" # [BSE] IP/Hartree/HF/ALDA/SEX

BSENGexx= 2085 RL # [BSK] Exchange components

#WehCpl # [BSK] eh interaction included also in couplin

q GG” 7 _



Solve the eh matrix for BSE:
main variables

eh) |he) |
(eh|| R C —
(he| | —C* —R*

I

H =

Silicon
Optical Absorption

[BSS] runlevel , yambo -y <opt>, main variables:

you can use the diagonalization solver
or the Haydock solver

(or also the inversion solver)




Solve the eh matrix : diagonalization

Standard diagonalization:
eigenstates |\)

By |k |
H=|{(eh| |€R> |5> _’ eigenvalues F
(he| | —C* —R* eigenvectors A, . = (n'nk|\)

Bss # [R BSS] Bethe Salpeter Equation solver
[BSS] runlevel , yambo -y d BSSmod="d" # [BSS]
(h)aydock/(d)iagonalization/(i)nversion®

% BEnRange
0.00000 | 10.00000 | eV # [BSS] Energy range
%
% BDmRange
0.10000 | 0.10000 | eV # [BSS] Damping range
%
BEnSteps= 100 # [BSS] Energy steps
Then the dielectric function: 2 (

‘ ' | - ' / T 4 'mk!
ey (W) =1-lim ——— E | E 051 (6,G) prie (4, G) E : ok Pk )
-‘Szj\:q u‘) - E/\

q—U
q nn'k mm'k’ A




Solve the eh matrix: Lanczos-Haydock method

Lanczos-Haydock method:

P * * Kk Kk *
[BSS] runlevel , yambo -y h /\g EE ;,f [: . h :]
bss # [R BSS] Bethe Salpeter Equation solver o * kK ok o*
cost@iteration:
1 matrix*vector
BSHayTrs=-0.02000 # [BSS] [0o/0] Haydock treshold.
Strict(>0)/Average(<0) /'Zx Sl o b
N o b
[ ] o © x * %
aq an ‘e R

% BEnRange

0.00000 | 10.00000 | eV # [BSS] Energy range
%
% BDmRange

0.10000 | 0.10000 | eV # [BSS] Damping range
%
BEnSteps= 100 # [BSS] Energy steps

c(w) = (P|(w— H)"!P) =

This allows to rewrite
the dielectric function as:

by

(w—ay) — 5
(w—ag)—_b%

|P) = ]_imq_}{) %hjck) (U]_{ _ q|E—iq~I‘|Ck>



Thank you again ...for your attention

1. Many-body perturbation theory calculations using the yambo code
Journal of Physics: Condensed Matter 31, 325902 (2019)

2. Yambo: an ab initio tool for excited state calculations
Comp. Phys. Comm. 144, 180 (2009)



Excitonic levels
from poles of BSE
= screening

-

Conduction N+1 S DN
bands !
GW NN, Interacting
corrected ] electron hole
gap optical pair
! gap
SN NSOON
Valence
bands
DFT GW BSE
Neutral excitations as a Neutral excitations as a Real two-body propagator
combination of single. combination of single. and many-body problem.
X Wrong band structure v GW corrected band v" GW corrected band
structure structure

X Noninteracting electron- X Noninteracting electron- ¥ Interacting electron-
hole pair hole pair hole pair



The response functions jungle: a short summary

_ op -
L 1+ Vy |[X= ce=1— VP lireducible
5Vext f
rom Hedin eq.
irreducible P P 4 PVP reducible

L .
X = X"‘XVX\ =Ptk
X X + )zv)-(k reducible P — P + PVP

1

= (<< 1+ vy >>)
em=<<1-—Vy>>

= (<< 1+ VP >>)"

ey =<< 1 — VP >>

P(w) = P(—w)

Q
%))
c
o
Q.
v
()]
-
-
©
()]
=
£
o
-
Ll

Rix(w)}=R{Pw)}
S{x(w)} = sign(w)S{ P(w) }



Mathematical derivation of BSE in transition space

¢j(r1)o; (r2)di(rs)o;(ra)

LU(I‘l,I'z,I'sj I'4§¢b’) — Z(fj - fz)

” — (Ei — Ej)
The free e-h propagator becomes
0 —n fnl_fn2
L(ﬂlﬂz)(ﬂsm) o Zw—(Enz—En1)5”1”35”2”4

Using a more compact notation: (nlng) — 1

LO =1 —AE 5tt*’ L, is diagonal in t-
‘ space



Effective 2-particle Hamiltonian

We rewrite the BSE in transition space as:

Ltt" — Ltt" —|— ZLtt”:t”t”"Lt”’t’

(?’Llng) — 1
We will show that this equivalent to

Xetr = —iLyy = [Iw — He®e] 2 fy

where H®¢€ is the two-particle excitonic Hamiltonian

erc __ -
¢ =AEy oy + [1Z2w



Effective 2-particle Hamiltonian

Ltt” — Ltt" —|— ZLtt,,:thfnLtth;

IS equiva

PROOF:

Ltt” — (1 — ?’LOH)tt”Lt”t; — (LO —1 'E)_l

ent to

v _ T 07 excl—1
Xty = — 1Ly = _IW — H ]w It

tt’



Effective 2-particle Hamiltonian

Ltt" — Ltt" —|— ZLtt”:t”t’”Lt’wt’
IS equivalent to

v _ T 07 excl—1
Xty = — 1Ly = _IW — H ]w It

PROOF:
Ly = (1 —4L°=2) LY, = (L0 ~1 —iZ);)

tth’ t

—  — cw—AE  —
(LO - 12 = —1% 7, Lo + 184 =

= 7 F[—wii + AE O + [ ]




Effective 2-particle Hamiltonian

Ltt" — Ltt" —|— ZLtt”:t”t’”Lt’wt’
IS equivalent to

v _ T 07 excl—1
Xty = — 1Ly = _IW — H ]w It

PROOF:

Ett" — (LO -1 ZE);}

(L° =1 —iE)w = I E[—wdyy +AE Sy + fiEw)]

H€$C
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