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Study of Material Properties – A N-Particle Quantum Problem

For large N (~1022/cc),
! impossible to solve exactly
! often not desirable to get full solutions

Interacting single-particle Green’s function

E.g., single-particle behaviors:
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! Excited-state phenomena (transport, optical, energy transfer, charge/spin 
dynamics...) in a material often give rise to its defining attributes and determine 
its usefulness.

! Ab initio calculations of excited states !  different and higher-level treatment of 
many-electron interaction effects

! Existing ab initio methods and community codes for solids: predict & understand 
1-particle or 2-particle excitation phenomena in increasingly complex materials. 
(BerkeleyGW, WEST, Yambo, VASP, ABINIT, FHI-aims, Exciting, stochasticGW, 
nanoGW, FlapwMBPT, QMCPACK, EPW,...)

! Key phenomena – 3- or 4-particle correlated excitations, non-linear 
spectroscopies, field-driven time-dependent processes, excited-state dynamics, 
etc. -- to be addressed by ab initio methods & public domain software that include 
relevant many-electron interactions accurately.



• Introduction -- many-body interactions and 
excited-state phenomena in materials

• Quasiparticle excitations, optical responses, and 
correlated multiparticle excitations

• Time-dependent and high-field phenomena

• Correlation enhanced electron-phonon interaction

• Photophysics of moiré 2D heterostructures

Outline of talk



Ab initio Studies of Quasiparticle Excitations in Tunneling and ARPES

e-

E(k) = E0(k) + ! (k,E)

• renormalizes energy dispersion
• gives rise to finite lifetime
• satellite structures

! =  ! e-e + ! e-ph +…
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Quasiparticle (electron or hole) excitations in solids:  the GW approach

E(k) = E0(k) + ! (k,E)!"#$%&'#(")*+,-&%#('.$*/%$$"01*23"'#(4"15**
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GW approximation:
  Electron gas - Hedin, PR (1965)
  Real materials - Hybertsen and Louie, PRL (1985)

Screened Coulomb interaction
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Quasiparticle Band Structure Calculations

! ! (r, r’, " ) -  nonlocal, 
energy-dependent 
nonHermitian operator

! Large complex 
eigenvalue problem



H = Ho + (H - Ho)

Ho: LDA/GGA
       LDA+U
       exact exchange
       hybrid functionals
       iterative scheme
       …
       

The GW approximation for !



!

"

M. Rohfling and S. G. Louie, PRL (1998)

Also: 
S. Albrecht, et al, PRL (1998)
L. Benedict, et al, PRL (1998)

Calculation of Optical Absorption Spectrum

!"!"# ! "$%&&'()*+,
#"!"# "! "$'#%&&'()*+)

! #  - large, nonHermitian matrix with very 
fine k sampling

! K can have dimensions as large as  ~106-



1) Hybertsen and Louie, PRL (1985); Louie, Topics in Comput. Mat. Sci. (1997)
2) Rohlfing and Louie, PRL (1998); Deslippe, Samsonidze, Strubbe, Jain, Cohen, and Louie, Comput. 

Phys. Commun. (2012)
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Ab initio GW and GW-BSE Approaches:  Theory vs. Experiment
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Electron-Electron & Electron-Hole Interactions in Quasi 2D Systems
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Optical Spectrum of Monolayer MoS2: GW-BSE Theory vs Experiment
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Qiu, da Jornada, and Louie, PRL (2013)
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Optical Spectrum of Monolayer MoS2: GW-BSE Theory vs Experiment
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K.F. Mak et al., PRL (2010)

(T=room temp.)

(T = 0K)
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Qiu, da Jornada, and Louie, PRL (2013)
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Absorbance per ! nanometer 
of material at 2.0 eV :

Monolayer MoS2 -- ~ 20%
Bilayer graphene -- ~ 5% 
Silicon Ð ~ 0.02%!

Theory – el-h int. + QP lifetimes
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Substrate Screening: Monolayer MoSe2 on bilayer graphene
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Substrate Screening: Monolayer MoSe2 on bilayer graphene
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Non-equilibrium 
and

beyond 1- & 2-particle excitations
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! Optical (electron-hole) excitations – GW-BSE approach (2 diagrams)
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Photophysics of Atomically Thin 2D TMD Materials

Brillouin zone
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Ab initio Electron-phonon coupling

Electron-phonon (e-ph) coupling plays a key role in many phenomena

! Electrical and thermal transport

! Bardeen-Cooper-Schrieffer theory for superconductivity

! Optical spectra (phonon-assisted) 

! Charge-density wave

! Hot carrier dynamics

! …
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Electron-phonon Coupling in GW perturbation theory (GWPT)
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! Effective potential for excitons - modeled as the spatial variation in 
intralayer band gap as a function of changing bilayer stacking:
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Assumptions of continuum model:
G Neglects structural reconstruction of moiré superlattice
G Assumes internal structure of exciton as identical to that of 

pristine monolayer
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Exciton I
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Exciton III
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! Many-body interactions are centrally important in materials 
properties and phenomena.

! Treatment of interaction effects at the appropriate level is essential, 
especially for excited states and lower dimensional systems.

! Many-body perturbation theory with screened Coulomb interaction 
to n-particle Green’s functions has proven to be a powerful & 
versatile approach for ab initio understanding and prediction of a 
variety of spectroscopic properties and field-driven, time-dependent 
phenomena in real materials.

Few take-home messages
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