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Introduction: challenges for first-principles description of

excited state properties of materials

First-principles approaches to electronic band structures of
materials

» First-principles approaches to optical absorption of solids

» First-principles approaches to self-trapped exciton (STE)

luminescence in metal halides

Concluding remarks
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Embedded post-HF quantum

. ' ' chemistry for structures, adsorption,
PR A diffusion, reactions, excitation energies
" TD-DFT or DFT/GW/BSE for i}
band gaps and spectra of W ]
nnnnnn tional semiconductors B/
DMFT for band gaps and spectra of .J-
] 2

Energy

DFT + U for same ground state strongly correlated materials
properties as DFT-GGA for
strongly correlated materials

DFT-GGA for structures, thermal, electrical, |
magnetic, and mechanical properties, 1
diffusion and reaction kinetics, surface and .
defect energies of most hard materials tle 7
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E. A. Carter , Science ( 2008 )
[ Electronic band structure (GW or hybrid functionals)
(1 Electronic excitations of materials (GW+BSE, TD-hybrids, ......)
 Geometrical relaxation of excited states in extended systems (OC-DFT
(ASDF),TD-hybrids, ...... )
) Luminescent/photo-current efficiency: inter-state transitions (Fermi’s

Golden rule) , electron-vibration/phonon coupling, ......



First-principles approaches to electronic
band structures of materials

Recommended readings:

€ L. Hedin and S. Lundqvist, Effects of electron-electron and electron phonon interactions
on the one-electron states of solids, Solid State Physics, 23, 1-181 (1970).

€ D. Golze, M. Dvorak, and P. Rinke, The GW Compendium: A Practical Guide to
Theoretical Photoemission Spectroscopy, Front. Chem. 7,1 (2019).

€ H. Jiang, The GW Method: Basic Principles, Latest Developments and Its Applications
for d-and f-Electron Systems, Acta Phys.-Chim. Sin. 26, 1017(2010).

€ Hong Jiang, Electronic band structure from first-principles Green's function approach:

theory and implementations, Frontiers of Chemistry in China,6,253-268(2011).
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interacting electrons DFT (Kohn-Sham)

e 4

r A -
E o E A
—0—— Ek\ —o—o— %Mb
D A o —eo— ¢
—o=o= —oo— —oo—
h = 5=
o —oo —o
e ——o— ———

(lllustrations from G.-M. Rignanese’s talk)

Remark: Kohn-Sham DFT is an in-principle exact many-body theory
for the ground state total energy and electron density, but a mean-
field approximation to electronic band structure.
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= [E(N — 1) — E(N)] — [E(N) — E(N + 1)

= [ex(N)] — [~ensa(N + 1)

= [ews1(N) = ex(N)] + [exsa (N +1) = exsa(V)]

_ {__I{Fj + _\u . __ _A

gap

KS bandgap Energy gap

- KS HOMO-LUMO Gap # E_,, even with exact E,
. But for all explicit density functionals, e.g. LDA/GGA, A,.=0

Perdew & Levy (1983); Sham & Schlueter (1983); Godby & Sham (1988)



">Band-gap tuned semi-local functional approaches
® modified Becke-Johnson potential (Tran (2009), Jiang (2013))

® GLLB-SC (Gritsenko(1995), Kuisma(2010))

»Hybrid functional approaches
® Hybrids with fixed parameters (PBEo, HSE, B3LYP)

® Hybrids with system-tuned parameters (Shimazaki(z009),

Marques(2011), Skone (2014), Z.-H. Cui et al.(2018))

» GW approaches
® G W, or GW @ LDA/GGA/DFT+U/hybrids (Jiang 2013, 2016, 2018)

® (Quasi-particle) self-consistent GW (Faleev (2005), Bruneval (2006),......)

BT, k24, (hERE:ALE) 50, 1344 (2020).
M.-Y. Zhang, ...,H. Jiang, WIREs CMS, e€1476(2020).
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> @ quasiparticles

@ weakly interacting
(courtesy of Dr. R. I. Gomez-Abal)

interacting electrons
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Mattuck, A Guide to Feynman Diagrams in the Many-Body Problem(McGrow-Hill,1976).
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W: screened
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G: propagator



Wh(x,x";w) = /dx”s_l(x, X" w)o(r” —1')

wn (X)w* (Xf)
G ) ’. . — i
(36,3 ) XR: W — €, e(x,xw)=1-— /dx”v(r,r”)Po(x”,x’;w)
Py(x,x";w) = _Qi Go(x, X' w + WGo(x' . x; ') dw'
T

. (r.rho)= 2'—J'GO (r,rs o+ o)W, (r'r;0)e™do'
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‘Polarization function

R (XX, @) = _2I_EIG° (X, X; 0+ &)G, (X, X; @) da

DNLENAOTACT (x')wm(x'){w_gm igﬂ o fgn - m}
= ;an(w)¢nm(x)¢;m (XY Wioe i) = [ s () — )
Self-energy f(x,x5w) =1 - f dx"v(r x") Po(x" X' s w)
Walme(0)ly) = 3o [or VATOML)
. 2T W+ w—E, E =& +insgn(u—¢,)

<W'”i |Wo(w)|9”k’:”| )= ”W. () (r WG (r,r ' @)y, (), (r )drdr

Key ingredients:
€ How to expand the products of two orbitals = the product basis

€ How to treat frequency dependency
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Unk(X) U (1) = Z (k. q) )

Product basis/density fitting/
Resolution of identity
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“®Planewaves () 4(r)= Nexp[l(qm) ]

Wnk = chk;GZ(l; (r) M r?m(k1q) :V_ﬂzzcnk;G'C:nk—q;G'—G
G G'
1 A7
= A\J, = O — P... , D).
Voo () =g ler el T e Tl gy e ()

Codes: abinit, yambo, BerkeleyGW, SaX, vasp

& Atomic-like orbitals

Zg(r): N]ilzz iq-(R+t, )¢ (r—R -t )

X = 2.2 2O X), @ZFO- - (x) (@) = 5*@)[X] @@
S,s(@) = dr[ (] 23(0). [X],, (@)= [ dr [ driz. )X () 23,

Codes: FHI-aims, FIESTA



" @ Mixed basis
(L) APW+lo(+LO) basis

r E Aa(lm(k . G)”agl(ra)ylm(fa) r‘ < Rgn
¢k( ) Zlm
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Codes: GAP, SPEX, EXCITING




. » Static approximations
€ Coulomb hole-screened exchange (COHSEX)

1 N * 1 1 * 1 1 o /3\/\/0 r',r;a),
ReZ(r,r 1(0) = _Zl//nk (r )l//nk‘(r )%W(r 1r () — 8nk) - ZWnk (r)')”nk (r )_P-[O da) ( /)
nk nk T w—&, —W

= Sy (W (FYRW(ri0)+ %5(r' —NW(r,r0)

= (1) + Z°M(r 1)
» Generalized plasmon pole (GPP) model
» Full frequency treatment
€ Imaginary frequency + analytic continuation
@ real frequency Hilbert transform

€ Contour deformation
H. Jiang, Front. Chem. China 6(4): 253-268 (2011)



"> Parameters for KS DFT:

€ Core-valence interactions:
pseudopotentials/PAW/LAPW?

@ basis for Kohn-Sham orbitals

» Quality of product basis

» Accuracy and completeness of unoccupied states
considered (P& 2. )

» The k/q integration in the Brillouin zone

» The frequency treatment and related parameters

H. Jiang, Front. Chem. China 6(4): 253-268 (2011)



calculated gap (eV)

Band Gap (eV)
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"GAP (GWwith Augmented Planewaves)
+ Based on LAPW (no pseudopotentials !)

+ Interfaced with WIENZ2K (P. Blaha et al. (2001))
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Expt. PBE GoWo  GWo  GoWa  GWy SE, W oNC-PAW )
nLo = 0 nLo =9

C 5.48 4.16 5.49 5.66 5.69 5.87 0.21 5.81
Si .17 0.56 1.03 1.09 1.12 L19 0.10 1.21
SiC 242 1.36 223 2.36 2.38 253 0.17 2.60
BN 6.4 4.46 6.04 6.27 6.36 6.61 0.34 6.66
BP 24,21 1.34 201 2.09 2.11 220 0.11
wz-AIN 6.2-6.3 4.14 5.60 5.88 5.80 611 0.23
AIP 251 1.57 2.25 2.36 2.37 251 0.15 2.62
AlAs 21 1.34(0.10) 1.94 2.03 2.06 217 0.14 2.35
AlSb 1.6 1.03(0.22) 1.40 1.45 1.50 1.57 0.12 1.76
GaN 3.30 1.68 2.78 2.96 3.00 3.21 0.25 3.48
GaP 226 1.66 205 2.12 2.21 230 0.18 2.40
GaAs 1.42 0.42(0.11) 1.31 1.39 1.15 1.23 -0.16 1.21
GaSb 0.81 -0.12(0.23) 0.64 071 0.47 0.51 -0.20 0.51
ZnO 3.4 070 2.05 241 278 3.32 0.91
wz-Zn0O 34 0.83 224 2.59 300 | 355 09 3.40
ZnS 3.68 2.07 3.15 335 3.35 3.61 0.26 72
ZnSe 27 1.15(0.13) 223 241 2.34 254 0.13 2.66
ZnTe 226 0.98(0.27) 1.95 2.08 1.89 202 -0.06 2.15
wz-CdS 249 1.20 202 2.18 2.19 238 0.20
wz-CdSe 1.75 0.55(0.12) 1.29 1.42 1.39 1.54 0.12 1.60
CdTe 1.43 0.48(0.28) 1.20 130 1.23 1.34 0.04 144
LiF 14.20 9.28 12.36 13.98 14.27 15.13 115
MgO 7.83 475 7.08 7.52 7.50 801 0.49 8.03
MAE 1.54 0.47 0.25 0.24 017
MARE(%) 48 14 9 9 5

aY. Hinuma et al. Phys. Rev. B 90, 155405 (2014).



Zinc-blende(ZB) : CuX, Agl
Rock-salt (RS): AgCl, AgBr
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[1] M. van Setten, Phys. Rev. B 96, 155207(2017).

[2] M. van Schilfgaarde et al. Phys. Rev. Lett. 96, 226402(2006);
[3] A. Pishtshev, et al J. Chem. Phys. 146, 064706(2017

[4] W. Gao et al. Phys. Rev. B 98, 045108(2018).

[5] Goldmann, A. Phys. Status Solidi B 81, 9(1977).
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Including HLOs increases GW,, gaps by about 1.2 eV on average

=» good agreement with experiment as for typical sp semiconductors

M.-Y. Zhang, H. Jiang*, Phys. Rev. B. 100, 205123(2019)
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Energy (eV)

N-T X—-=TI R-—=T

0.66 0.63 0.96

GoWy (w Fe 35, 3p LOs) 0.28 0.31 0.59
GoW, (o Fe 35, 3p LOs) 0.61 0.63 0.90

Schena et al. PRB 88, 235203 (2013).
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» Expt. (Zaanen et. al. 1985)
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H. Jiang et al, Phys. Rev. B82, 045108 (2010).
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N=2x2x1 H. Jiang , Phys. Rev. B97, 245132(2018).
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First-principles approaches to optical absorption of solids

Recommended Readings:

€ G. Onida, L. Reining, A. Rubio, Electronic excitations: density-functional versus many-body
Green’s-function approaches, Rev. Mod. Phys. 74, 601 (2002).

€ G. Strinati, Application of the Green's Functions Method to the Study of the Optical Properties
of Semiconductors, Riv. Nuovo Cimento 11, 1 (1988).
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First-principles approaches to self-trapped exciton (STE)

luminescence in metal halides

Excited State

Energy

Qg Q¢
Configuration coordinate ()

Recommended readings:
€ H.-Y. Sun, L. Xiong and H. Jiang*, Towards first-principles approaches for mechanistic study of

self-trapped exciton luminescence, Chem. Phys. Rev. 4, 031302 (2023).
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Guo et al. Adv. Mater. 2022, 2201008, K. M. McCall et all, ACS Mater. Lett. 2, 1218 (2020).

« Electronic excitations (band gap, exciton) with fixed structure are
difficult or expensive to calculate: (GW-BSE, TD-hybrid ...)

+ Few methods available for geometry relaxation for excited states of
extended system

+ Multiple high-dimensional excited state PES coupled with different
electron-lattice couplings = Highly complicated structure-property

relationships
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singlet or triplet excited states.

e OC-DFT isalso known as ASCF.

H.-Y. Sun, L. Xiong and H. Jiang*, Chem. Phys. Rev. 4, 031302 (2023).
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|. Frank, J. Hutter, D. Marx, and M. Parrinello, J. Chem. Phys. 108, 4060 (1998).
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EI Electronic excitations, especially those of extended systems, are
currently challenging frontiers of electronic structure theory.

O GWmethod: the state of the art for electronic band structure, but
challenging to obtain numerically accurate results for some systems.

0 GWABSE: accurate for moderately correlated insulating systems, but
computationally very expensive.

O TD-hybrid: capable to describe excitonic effects to some extent, an
alternative to GNA4+BSE.

1 Electronic excitations are always strongly coupled to nuclear dynamics

=» Considerations of electron-phonon coupling are crucial

=» Structural relaxation of electronic excited states, necessary for

luminescence, even more challenging.



