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Photoemission spectroscopy

Binding energy (¢V)

Quasiparticle: electron/hole with its surrounding as a whole, moving in a
independent manner

D. Golze, M. Dvorak, and P. Rinke, Front. Chem. 7, 377 (2019)
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https://doi.org/10.3389/fchem.2019.00377
https://www.frontiersin.org/articles/10.3389/fchem.2019.00377/full

First-principles simulations with DFT

Kohn-Sham ansatz using certain density functional approximation (DFA)
[te + exe () + vr(r) + 0™ ()] i (x) = €Popi(x)

DFA /. def 5EB;FA [n]
vext Z |I‘ _ RII Uxc (I‘) - 577,(1‘)

Band structure of TiO;

+1Potential energy/ -

Large band gap (3 eV)

K. Maeda and K. Domen, |. Phys. Chem. C 111, 7851-7861 (2007)
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https://doi.org/10.1021/jp070911w
http://dx.doi.org/10.1021/jp070911w

Band-gap problem in LDA/GGA

The fundamental band gap from

experiment L
. oL ® LDA c
und __ [

Ef™d — IP(N) — EA(N) i
IP(N) =Eo(N-1) - E(N) 37 ]
= — 1 — =4+ =
Jm p(N =) 3
[P
EA(N) = Eo(N + 1) — Ey(N) 5T i
= lim p(N +n) E2 Gas 1
n—0* Fos
W .
For semiconductors » .
0 o L= Il L L L L L L L
0o 1 2 3 4 5 6 7
Egs =S — s < Egmd Experimental [eV]

Picture courtesy: adapted from lecture note of Prof. Hong Jiang
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Improving the band structure prediction in DFT

Underestimates stems from

® So-called derivative discontinuity 7
JAN = 0 for Ey. with explicit n, i.e. oL e1pa ]
semi-local DFA v GLLB-SC
.. . —s| 4 DSHO ]
® Missing Ay in the band structure, =
even F.. is "exact" =4fF R
Q
. é 3- AIP i
Current solutions § x
. .. =P 1
® adding non-zero Ay explicitly as a
correction, e.g. GLLB-SC I+ 1
® Incorporating Ay, inside the band: e S U R
generalized Kohn-Sham theory, e.g. Experimental [eV]
hybrid functionals
For derivation see E. Engel and R. M. Dreizler, Density Functional Theory: An Advanced Course, (Springer
Science & Business Media, 2011), 543 pp., p37 and 99
F. Tran, S. Ehsan, and P. Blaha, Phys. Rev. Materials 2, 023802 (2018)

S (
Z.-H. Cuietal,, J. Phys. Chem. Lett. 9, 2338-2345 (2018), A. Seidl et al., Phys. Rev. B 53, 3764-3774

(1996)
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http://books.google.com/books?vid=ISBN978-3-642-14090-7
https://doi.org/10.1103/PhysRevMaterials.2.023802
https://link.aps.org/doi/10.1103/PhysRevMaterials.2.023802
https://doi.org/10.1021/acs.jpclett.8b00919
https://doi.org/10.1021/acs.jpclett.8b00919
https://doi.org/10.1103/PhysRevB.53.3764
https://link.aps.org/doi/10.1103/PhysRevB.53.3764
https://doi.org/10.1103/PhysRevB.53.3764

Go beyond DFT

® Hybrid functionals generally have tunable parameters obtained from
fitting specific database, not that ab initio ...

® Even with system-dependent parameters, hybrid functional based on a
model could fail in a "simple" system, e. g. FeS,.

® Well, accurate enough, but not as far beyond as CCSD or even full CI ...

Non-magnetic, Fe in low-spin state.

Expt. PBE PBE0 HSE06 DSHO
E, 095 070 296 222 243

A. Ennaoui et al., Sol. Energy Mater. Sol. Cells 29, 289-370 (1993), M.-Y. Zhang and H. Jiang, Front.
Chem. 9, 747972 (2021)
9/31


http://www.sciencedirect.com/science/article/pii/092702489390095K
http://www.sciencedirect.com/science/article/pii/092702489390095K
https://doi.org/10.3389/fchem.2021.747972
https://doi.org/10.3389/fchem.2021.747972
https://www.frontiersin.org/article/10.3389/fchem.2021.747972
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Green’s function in many-body perturbation theory

The time-ordered Green’s function
Gap (xit1, Xatz) = (¥(N)IT {ha (x1t1) ] (rat2) W (V)

Its Lehnmann representation

Paj (X1) ph; (X2) hai (x1) hg; (x2)
Gap (X1,X2,w) = J — +
s (x1, %2,) ;w—wN+1,j+wN+m zl:
wn+1,i: the total energy of i-th excited state of N & 1-electron system
Im[w]

Band ga
Hole (N-1) excitati =2 Elcetron
ole - cxcitanons al '\ﬂ]l}'
XXX XXX XXX XXX XX ‘ A Re[w]
t

1
f MRXXKKXKKKXK KX XXX X

. . - Dactio]e - ay o te 2
lonisation Chemical Particle (N+1) excitations
potential potential

Picture courtsey: ABINIT project

w—wN +WN-_1,;—
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Hedin’s equations

With notation 1 = (x1t1)

P(1,2)  =—i[d(34)G(1,3)[(3,4,2)G(4,17)

W(1,2) =wv(1,2)+ [d(34)v(1,3)P(3,4)W(4,2)

2(1,2)  =ifd( 34 ( 3)W (4, 1)T'(3,2,4)

I'(1,2,3) =4(1,2)6 + [ d(4567) 35D G(4,6)T(6,7,3)G(7,5)

G(1,2) =Go(1,2) +fd 3,4) Go(1,3)2(3,4)G(4,2)

where P := dn/dv, is the polarization function, W the screened Coulomb
interaction and I' the vertex function.

L. Hedin, . For a relatively modern and comprehensive derivation, see
,also E. Aryasetiawan and O. Gunnarsson, and
D. Golze, M. Dvorak, and P. Rinke,
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https://doi.org/10.1103/PhysRev.139.A796
https://link.aps.org/doi/10.1103/PhysRev.139.A796
http://www.teorfys.lu.se/staff/Claudio.Verdozzi/FunctionalD.pdf
https://doi.org/10.1088/0034-4885/61/3/002
http://stacks.iop.org/0034-4885/61/i=3/a=002
https://doi.org/10.3389/fchem.2019.00377
https://www.frontiersin.org/articles/10.3389/fchem.2019.00377/full

Quasiparticle equation

Alternatively, one can get the excitation energies by solving

[tx + Vext (X) + vu(x)] @y (x,w) + /dx'E(x, X w) Dy, (X)) = €5(w) Dy (%, w)

If we focus on the solutions satisfying w = €, (w) and Im e, (w) = 0, i.e.
quaisparticle,

[tx + Vext (X) + vu(x)] @p(x) + /dx'Z(x, x/, ESP)(Dn(XI) = egpd)n(x)

where e3F are the quasiparticle energies.

F. Aryasetiawan and O. Gunnarsson, Rep. Prog. Phys. 61, 237 (1998), L. Hedin, Phys. Rev. 139,
A796-A823 (1965)
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https://doi.org/10.1088/0034-4885/61/3/002
http://stacks.iop.org/0034-4885/61/i=3/a=002
https://doi.org/10.1103/PhysRev.139.A796
https://doi.org/10.1103/PhysRev.139.A796
https://link.aps.org/doi/10.1103/PhysRev.139.A796

GW approximation

Drop the complicated second term in the vertex function,

P = —iGr
iere P =—iGG
W —uv+oPW
, W —uv+oPW
X =iGWT = S oW
r —i4se -
+5659TC¢ G =Gy+GoXG

G =Go+GoXG

Variants: non-self-consistent GoW,, GW, self-consistent GWV...
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Hedin’s equation in diagrams

I(1,2,3)= 1(23) + g
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GW approximation in diagrams
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GoW,: the most popular variant

i & .
Y(r, v, w) = %/ dw'e“ °Go(r, v, w + W Wy (r/, r,w')

—00

Pk (r) P (')
Go (1,1, w) = n
o (r,rw) %; w— X3 —insgn (u — €5P)

Wo(r,r',w) = /dr"sal(r, " wv(r”, 1)

go(w) =1—-vPy(w) =1 — vx,(w)

: [es)
Xo(w) = —i dw'e“ 3G (w + w')Go(w')
— 00

M. S. Hybertsen and S. G. Louie, Phys. Rev. B 34, 5390-54153 (1986), M. Shishkin and G. Kresse, Phys.
Rev. B 75, 235102 (2007), M. Usuda et al., Phys. Rev. B 66, 125101 (2002)
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https://doi.org/10.1103/PhysRevB.34.5390
http://link.aps.org/doi/10.1103/PhysRevB.34.5390
https://doi.org/10.1103/PhysRevB.75.235102
https://doi.org/10.1103/PhysRevB.75.235102
https://link.aps.org/doi/10.1103/PhysRevB.75.235102
https://doi.org/10.1103/PhysRevB.66.125101
http://link.aps.org/doi/10.1103/PhysRevB.66.125101

Conventional GIW implementation

M, (k,q) = /Ny / dr [PA0)$mie—q(0)]” $ric(r)

Pp,u q, UJ) Z ZFn’m (k7 q,w ﬁm(k7 q) [M;:m (k7 q)]*

k nm
Frum (, 4,0) = 2 (1~ ){ ! ! !
= 2fnk (1 — frmk- — — .
nm\X, q, n mk—q W — €mk— q+€nk+17] UJ‘FEmqu—Gnk—l'I}
Tk = Z Z mek ol ME,. (k,q)|? (exact exchange, EXX)

i ' Xnm (k,q,w’)
E5(w) = 2ﬁNk/ WY :

W+ W' — €mk—q 1 insgn (Emk—q - l‘)

Xnm(k,q,w) = Z [ ME,, (k, q)]* [epv(a,w) — 1] My (k,q)

Auxiliary basis P (r): plane-wave, NAO, GTO, mixed basis, ...

>~ nm: high-lying states, basis-set completeness ...

® Frequency integration [ dw: plasmon-pole model, full frequency, ...
° : bare or (1/2/3D-)truncated Coulomb kernel ...
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Overview of GW data flow: example in LAPW

PR s Vxe Use DFT program (WIEN2K in this case) to
obtain

® basis functions

® groundstate KS energies and
wave-functions

e XC potential
Vxc,nk

H. Jiang et al., Comput. Phys. Commun. 184, 348-366 (2013)
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https://doi.org/10.1016/j.cpc.2012.09.018
http://www.sciencedirect.com/science/article/pii/S0010465512003049

Overview of GW data flow: example in LAPW

Ug1(ER), G |_,( P J Mixed basis (MPB) as auxiliary basis for

expanding ¥*1 by diagonalize overlap matrix
djnk ’ enk » Uxc Of

e MT: radial functions in each L channel

Unt (1, B2 Uy (1, ES )
satisfying |l = U'| < L < [l + V|

Uxe,nk e interstial: IPW up to 2Kax
Eigenpairs with eigenvalues below a
threshold are discarded.

F. Aryasetiawan and O. Gunnarsson, Phys. Rev. B 49, 16214-16222 (1994)
H. Jiang et al.,, Comput. Phys. Commun. 184, 348-366 (2013)
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https://doi.org/10.1103/PhysRevB.49.16214
https://link.aps.org/doi/10.1103/PhysRevB.49.16214
https://doi.org/10.1016/j.cpc.2012.09.018
http://www.sciencedirect.com/science/article/pii/S0010465512003049

Overview of GW data flow: example in LAPW

wnk ’ enk » Uxc

Vxc,nk

ua(Bp), e (Pl )

M,

n(k,q)

Projection of ¢* out of MPB

M2 (K, q) = /V dr [P (1) mic_q(1)]” ok (r)

H. Jiang et al., Comput. Phys. Commun. 184, 348-366 (2013)
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https://doi.org/10.1016/j.cpc.2012.09.018
http://www.sciencedirect.com/science/article/pii/S0010465512003049

Overview of GW data flow: example in LAPW

| war (B7), ¢S | P

wnk ) Enk » Uxc

Vxc,nk

M,

n(k,q)

v (Q)

Coulomb matrix element
® MT-MT: compute a Ewald-like lattice sum

Ea,a’( B eldRaar Vi (R
Ap q) - Z B A#( aa’)
R aa’

o MT-IPW or IPW-IPW: use PW
representation vg g’

47

vae () =g ——=
la+ GJ?

® Rotate auxiliary basis P! to be v-diagonal

B. R. A. Nijboer and F. W. De Wette, Physica 23, 309-321 (1957)

H. Jiang et al., Comput.

Phys. Commun. 184, “4\ 366 (2013)
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https://doi.org/10.1016/S0031-8914(57)92124-9
http://www.sciencedirect.com/science/article/pii/S0031891457921249
https://doi.org/10.1016/j.cpc.2012.09.018
http://www.sciencedirect.com/science/article/pii/S0010465512003049

Overview of GW data flow: example in LAPW

uar(Ef), eS| P

Ve Enic Vs vur () Exchange self—energy

M (k, q) e = ——— Z Z Z M ( )|QUM(Q)

qa p n’Eocc.

Gygi-Baldereschi scheme is used to address
Coulomb divergence for q — 0

Vxc,nk E;k

F. Gygi and A. Baldereschi, Phys. Rev. B 34, 4405-4408 (1986), S. Massidda, M. Posternak, and
A. Baldereschi, Phys. Rev. B 48, 5058-5068 (1993)
H. Jiang et al., Comput. Phys. Commun. 184, 348-366 (2013)
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https://doi.org/10.1103/PhysRevB.34.4405
https://link.aps.org/doi/10.1103/PhysRevB.34.4405
https://doi.org/10.1103/PhysRevB.48.5058
https://link.aps.org/doi/10.1103/PhysRevB.48.5058
https://doi.org/10.1016/j.cpc.2012.09.018
http://www.sciencedirect.com/science/article/pii/S0010465512003049

Overview of GW data flow: example in LAPW

Symmetrized dielectric matrix. For gapped

|ual(El‘1),ei‘3'lr |—>( Pl ]—l systems,
PKS, K k,vxc|—J v () e (qyw) =0 — — A Z Z \/7%

q mneEocc.
meEvir.
H | * v
Mfun(k, q) Frmk(d, w) [Mym (k, q)]” My (k,q)
where
1

Fomk(w) = .
Vxc,nk Eﬁk k( ) W — €mk—q T €nk + 17

1

w+ €mk—q — €nk — 177

H. Jiang et al., Comput. Phys. Commun. 184, 348-366 (2013)
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https://doi.org/10.1016/j.cpc.2012.09.018
http://www.sciencedirect.com/science/article/pii/S0010465512003049

Overview of GW data flow: example in LAPW

ual(El"),eiG'“|—>[ P

¢nk7€w Vuv(Q)
@w (i) = Nkzz/du exl(q i) — 1]
() (M, @) 0 () Mt ()

iu +iu — €mk4q

v
(Vxenk ) (Eg k(w)] ( =X ) and then analytically continued to real axis by
using e.g. Padé approximant.

Correlation self-energy on imaginary
frequency w = iu

H. N. Rojas, R. W. Godby, and R. ]. Needs, Phys. Rev. Lett. 74, 1827 (1995)
H. Jiang et al., Comput. Phys. Commun. 184, 348-366 (2013)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.74.1827
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.74.1827
https://doi.org/10.1016/j.cpc.2012.09.018
http://www.sciencedirect.com/science/article/pii/S0010465512003049

Overview of GW data flow: example in LAPW

Solve the quasi-particle equation to obtain
quasi-particle energy e?F

ual(Bf), 'S |_’( pe w = ene + Re (nk|S(w) — v™°|nk)

$KS, KS o vu(q) | Perturbation treatment
QP _ KS KS QP KS\ v/ KS
€nic Nenk T Snk(€nk) + (€ — €nic) Eni(€nic)
(o0 —
- Unk

v\q, -1 xC
) eSS4 [1 = ()] [B(eh) — 03]

i v

Znk
Vxc,nk (E%k(w)J ( Eik J
I I Self-energy correction
QP A QP def QP KS
€nk €k = €pk T Enk

H. Jiang et al.,, Comput. Phys. Commun. 184, 348-366 (2013)
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https://doi.org/10.1016/j.cpc.2012.09.018
http://www.sciencedirect.com/science/article/pii/S0010465512003049

Periodic GW in FHI-aims

Main difference from the LAPW implementaion
® (Localized) resolution of identity based on Coulomb metric

P(r) P (r')
Viw(q) = / drdr'ﬁ

C’Z :Z('I,Jll/) (V_l)yp,

where each of the auxiliary bases P is a Bloch sum of atom-centered
function (product of NAOs).

¢ Truncated Coulomb kernel for building self-energy for better converging
k points

o(r) = erfchT) i %erf(’)’r) erfe [1n(r)lr?(11;1W()th)]

R, is determined by the inscribed sphere of the Born-von Karman cell.
Bare-Coulomb limit is approximated with denser k grids.

X. Ren et al.,
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https://doi.org/10.1103/PhysRevMaterials.5.013807
https://link.aps.org/doi/10.1103/PhysRevMaterials.5.013807
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GW in "real" systems

GoWjy and GW,@PBE, Quasi-particle self-consistent GW,
PAW /plane-wave all-electron/LMTO
‘
161 [® PBE i sk
A Guwu . |
RERSLES Lire, Ne o+
~ o s
3 4 < &BNM0 ) = |
il A 8:4_ 7
8 s PN . 4
E Ao o 205 &t 1
= % sicy O 2L o IAs,GaP,SiC,AIP
e cds 4 Sl & Se
) r :'é |
0s[5i e Zn0 E ok d
GaAs Q
R R N e e

4 8
Experiment (eV)

M. Shishkin and G. Kresse, Phys. Rev. B 75, 235102 (2007)
M. van Schilfgaarde, T. Kotani, and S. Faleev, Phys. Rev. Lett. 96,

experimental gap (eV)

226402 (2006)
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https://doi.org/10.1103/PhysRevB.75.235102
https://link.aps.org/doi/10.1103/PhysRevB.75.235102
https://doi.org/10.1103/PhysRevLett.96.226402
https://link.aps.org/doi/10.1103/PhysRevLett.96.226402

GW in "real" systems

GWy@PBE, all-electron/LAPW

o S L R T 37

[ [@ pBE 704

T | o GW,(n,=0) y -
Fo[A GV 2 1
o A
o 5 J
— 5+ 4 |
Sl e ° °
=4l 7 o o 4
s | e -
S 3 " 0 B
[_. . 4
o e ]

°

[ {wétc. i

L // ™ ]

0 PR TSI [ T I I I B

o 1 2 3 4 5 6 7 8

Experimental (eV)

H. Jiang and P. Blaha, Phys. Rev. B 93, 115203 (
X.Ren etal., 2

I’hys. Rev. Materials 5, 013807

(2

2(
5
2

GoWo@PBE, all-electron/NAO

016)
1)

G, W, @PBE gap (V)

14L[+ FHl-gap LAPW ,‘,:Q
= FHI-gap LAPW+HLOs a3

+ FHI-aims NAO tier 2 e 1
12| » FHI-aims NAO fier 2+STOs . LiF
. 1
10 e
Mgo -~ 1
8 N A f q

¢ J// } 4 * LiCl
13 Nacl
6 AlP X T
. 1
Sif GaN -7 AN
4 Gal 9l -
AlA| s

BAs ([ 7 ; B

2 si -
A o |

[y L N S B
0 2 12 14

6 8§ 10
Experimental gap (eV)
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https://doi.org/10.1103/PhysRevB.93.115203
http://link.aps.org/doi/10.1103/PhysRevB.93.115203
https://doi.org/10.1103/PhysRevMaterials.5.013807
https://link.aps.org/doi/10.1103/PhysRevMaterials.5.013807

Effect of auxiliary basis in FHI-aims

S T T T T T T =10
—t— £ VY W V—Y o
- ¢ i dain deininis i g R Lk e d
1.09- B b7 VL AR — B AR et
= 2 =MEL e, b
= €0 LR
S = '
501,08 4 g .
ey |33 .
:\30 0O-© for_aux 4f f:’ 20 M
= G-8 for_aux 4f(1.0)+5g S « no for_aux
=) Lo7k &< for_aux 4f(3.0)+5g i gy - B4f(3)
b A-A for_aux 4f(1.0)5g(1.0)+6h o0 30 N 41(3)
for_aux 4f(1.0)5g(3.0)+6h Q- . B4£(3) + N 4f(3) :
—————————————————————————————————————————— “i: .
1.06 L - - ! 2. P P S U RO
2 8 @40 o 10 20 30 40 50

4 6 0
Effective charge Z Kohn-Sham energy [eV]

Source of error in Xt :
Xnm (K, qyw) = D [vu (@) ME,, (k, @) [ (q,w) — 1] v, () MY, (k, q)
pv

for high-lying unoccupied m state.

X. Ren et al., Phys. Rev. Materials 5, 013807 (2021)
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https://doi.org/10.1103/PhysRevMaterials.5.013807
https://link.aps.org/doi/10.1103/PhysRevMaterials.5.013807

Zinc oxide puzzle

Band gap of ZnO has been heatedly debated since early 2000s.

' ' ' ' ' '. H"-GW(:I;LD/\/PBE
A PPM-GW@LDA/PBE

4.0F @ 0Sisc-GW T
= [ @ GWa@LpA+U
L J ®
o 35} A A Expt. 1
s ( J
N o
5 ( N ] °
2 3.0F [ ] 1
< ¢ A o [
g ° [ ] A
© 2.5F ° ' PY 1
= 4
G 'Y )

20F ® { 1

2006 2008 2010 2012 2014 2016 2018 2020

Year

See e.g. M. van Schilfgaarde, T. Kotani, and S. V. Faleev,
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https://doi.org/10.1103/PhysRevB.74.245125
https://link.aps.org/doi/10.1103/PhysRevB.74.245125

Basis set issue in ZnO QP gap

23F m_Emm W T . .
w7 Y= 32x45.69)42.33 An improved basis set by
22F - , . . .
_ - introducing LOs at hight energy
S aaf ..-“F g . .
ORN s ® describes the unoccupied states
wyob® 0 LAPW 1
W0l e LAPW+HLOS more accurately
1.9¢ B
,,,,,,,,,,,,,,,,,,,,,, ® offers a more complete space for
T =-0.66/(x-3.49)+1.85
186 ymenle e E sum of states
17 2‘0 4‘0 6‘0 86 160 lé() 14‘10 léO léO 200
emax y

PBE LAPW LAPWAHLOS \( paw  Expt

GoWy, GW, GW, GW,
zb-ZnO  0.70 2.05 241 2.78 3.32
wz-ZnO 0.83 2.24 2.59 3.01 3.55 3.4 3.4

H. Jiang and P. Blaha, , PAW from J. Klimes, M. Kaltak, and G. Kresse,
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https://doi.org/10.1103/PhysRevB.93.115203
http://link.aps.org/doi/10.1103/PhysRevB.93.115203
https://doi.org/10.1103/PhysRevB.90.075125
https://link.aps.org/doi/10.1103/PhysRevB.90.075125

Tackling FeS, with GW in LAPW

20
$232 3000 ' KN
DR RN S 2as 24
“::'. _o,’:”..m-n.si::o '¢
. oo’ et
15, '-... -...:x........_'.N....f
et .
.o B
. -
..
1.0f . -
.
= .- <t
® b
< o e
5 05F . ‘
| sid
Lﬂ 4
oot ¢ 444 095 2321
el
i li:". ¢
P22 o
T 00000t 34 g {iieeeesl
. 3isee0e
T X'

PBE vs GoW @PBE

T. Schena, G. Bihlmayer, and S. Bliigel, Phys. Rev. B 88, 235203 (2013)
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https://doi.org/10.1103/PhysRevB.88.235203
http://link.aps.org/doi/10.1103/PhysRevB.88.235203

Complement the basis with extra LOs

Pyrite and marcasite phases of FeS,

Energy (eV)

® Fe-3d as top valence bands
® I'. as an exclusive S-S anti-bonding state

® multiple low-energy conduction states in marcasite

M.-Y. Zhang and H. Jiang, Front. Chem. 9, 747972 (2021)
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https://doi.org/10.3389/fchem.2021.747972
https://www.frontiersin.org/article/10.3389/fchem.2021.747972

QP band structure

Energy (eV)
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Summary

We talked about

® necessary ingredients to implement a GoW, method on top of
mean-field result

® examples that GW method works "simply" or with careful treatment
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Recent advancements & outlook

® Apparatus designed for better converging QP band structure in
low-dimensional systems

e Elimination of unoccupied states in computing P and Y 2
e Techniques and library to enable low-scaling calculation 3

® Improvement on analytic continuation or exact contour deformation to
treat frequency dependence *

® Beyond-GW@ DFA approaches: vertex correction, GW+DMFT °

F. H. da Jornada, D. Y. Qiu, and S. G. Louie, Phys. Rev. B 95, 035109 (2017), F. Huser, T. Olsen, and
K. S. Thygesen, Phys. Rev. B 88, 245309 (2013)

2M. Govoni and G. Galli, ]. Chem. Theory Comput. 11, 2680-2696 (2015), M. Govoni and G. Galli, J.
Chem. Theory Comput. 14, 1895-1909 (2018)

3P Liuetal., Phys. Rev. B 94, 165109 (2016), J. Wilhelm, P. Seewald, and D. Golze, |. Chem. Theory
Comput. 17, 1662-1677 (2021); GreenX library by NOMAD CoE WP2

*I. Duchemin and X. Blase, |. Chem. T heory Comput. 17, 2383-2393 (2021), J. Fei, C.-N. Yeh, and E. Gull,
Phys. Rev. Lett. 126, 056402 (2021)

SH.Maetal., |. Chem. T heory Comput. 15, 154-164 (2019), T. Zhu and G. K.-L. Chan, Phys. Rev. X 11,

021006 (2021)
31/31


https://doi.org/10.1103/PhysRevB.95.035109
https://link.aps.org/doi/10.1103/PhysRevB.95.035109
https://doi.org/10.1103/PhysRevB.88.245309
https://link.aps.org/doi/10.1103/PhysRevB.88.245309
https://doi.org/10.1021/ct500958p
http://pubs.acs.org/doi/abs/10.1021/ct500958p
https://doi.org/10.1021/acs.jctc.7b00952
https://doi.org/10.1021/acs.jctc.7b00952
https://doi.org/10.1021/acs.jctc.7b00952
https://doi.org/10.1103/PhysRevB.94.165109
http://link.aps.org/doi/10.1103/PhysRevB.94.165109
https://doi.org/10.1021/acs.jctc.0c01282
https://doi.org/10.1021/acs.jctc.0c01282
https://doi.org/10.1021/acs.jctc.0c01282
https://github.com/nomad-coe/greenX
https://doi.org/10.1021/acs.jctc.1c00101
https://doi.org/10.1021/acs.jctc.1c00101
https://doi.org/10.1103/PhysRevLett.126.056402
https://link.aps.org/doi/10.1103/PhysRevLett.126.056402
https://doi.org/10.1021/acs.jctc.8b00864
https://doi.org/10.1021/acs.jctc.8b00864
https://doi.org/10.1103/PhysRevX.11.021006
https://doi.org/10.1103/PhysRevX.11.021006
https://link.aps.org/doi/10.1103/PhysRevX.11.021006

Thank you for listening!
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Photoelectron (PE) spectroscopy
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Using different references
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¢sp is a constant fixed by calibration.
Popular choices include

e UPS: Fermi level of noble metal

® XPS: (semi-)core level: Au4f;/;, Ag
3d5/2

G. Greczynski and L. Hultman, Prog. Mater Sci. 107, 100591 (2020)
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Photoelectron (PE) spectroscopy
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Absolute energy of top valence band
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In case of Sn,S,
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Optical absorption and photoluminescence

Normalized Absorption, PL

A exciton/trion
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Energy (eV)

B. Liu et al., Adv. Mater. 28, 6457-6464 (2016)

Excitonic feature of ml-{Mo, W}S,

® doublet in absorption, due to SOC
in valence states at K

® Stokes shift ~ 10" meV, depending
on doping/substrate
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Local orbitals (LOs) in LAPW framework

Baim,ptal (1% Eq1)+Caim,ptal (r®;E?))

[ Aalm,pual(ra;Eal)+ ] nm(f,a) re Va
0 rel

2 T T T

num. of nodes= 2
---- num. of nodes= 3
~— — num. of nodes= 4 4
== num. of nodes= 5

High-energy LOs: LOs having large
E?, with increasing node numbers

R. Laskowski and P. Blaha, Phys. Rev. B 85, 035132 (2012), D. Singh, Phys. Rev. B 43, 6388-6392 (1991)
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Augmented plane-wave basis

Originally proposed by Slater: divide the cell into spheres around atomic
nuclei a (called muffin-tin, MT) and interstitial region

L ikt G)r rel

APW, o 3 Asim(k + Gug (r*; E)Yim (£*) re V®
Pra (r) = { m
VvV

To avoid solving a transcedental equation, the radial function is linearized
at some reference energy

Aaim (k+G)uar(r*;Ear) sa a
ZE [+Bilm(k+G;Lﬂiz€Ta;Eil)] Yim(#?) reV
m

LAPW
YrG | (r) = .
1Ve1(k+G)-r rel

For semi-core states like 3d, local orbital inside MT at similar energy is
typyically included.

J. C. Slater,
O. K. Andersen,
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