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Microscopic disorders in materials
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Static disorder Dynamic disorder

Structural disorders induce certain variationsin the electronic properties of materials

(Electron-phonon interaction)

CǊƻƳ ǎǘǊǳŎǘǳǊŀƭ ƛƳǇŜǊŦŜŎǘƛƻƴǎ ƭƛƪŜ ƛƳǇǳǊƛǘƛŜǎΣ ǾŀŎŀƴŎƛŜǎΣ Χ

Do not obviously vary over a long time scale

From the continuous motion of nuclei

Dynamically vary at a short time scale(fs to ps)

Localand nonlocaldisorders refer to the variations in the 

electronic-state energies and electronic couplings, respectively

Zheng et al. Adv. Energy Mater. 2019, 9, 1803926.

Random in nature
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The influences of disorders on charge carrier transport
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Jurchescuet al. Appl. Phys. Lett. 2004, 84, 3061.

Band-like mobility in organic single crystal

Nuclear tunneling Transient localization

Nan et al. Phys. Rev. B 2009, 79, 115203.

Asadiet al. Nat. Commun. 2013, 4, 1710.

Time evolving

Troisi et al. Phys. Rev. Lett. 2006, 96, 086601.

Ciuchiet al. Phys. Rev. B 2011, 83, 081202.

Electron-phonon interaction in anatase TiO2

Verdi and Giustino, Phys. Rev. Lett. 2015, 115, 176401.

Boltzmann transport equation Hopping model for TiO2

Deskin et al. Phys. Rev. B 2007, 75, 195212.

Spreaficoet al. Phys. Chem. Chem. Phys. 2014, 16, 26144.
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Quantum dynamics beyond perturbation approximation
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Å Treating various types of disorders nonperturbatively

Å Free of finite-size effects and applicable to 3D systems

Å Flexible to be combined with first-principles calculations

Å Full quantum dynamics

ML-MCTDH, TD-5awDΣ I9haΣ v¦!tLΣ ƘƛŜǊŀǊŎƘȅ ƻŦ {{9Σ Χ

Currently available methods

Mixed quantum-classical approach, quantum master equation, 

ǇŜǊǘǳǊōŀǘƛǾŜ {{9Σ Χ 

Numerically exact:

Approximate:

Imaginary time

Real time

Theserequirementscanbe achieved
mucheasierin imaginarytime

Requirements for simulations in semiconductors
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Matsubara formalism and Diagrammatic QMC
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Imaginary-time data

Real-time data

Analytic continuation

Mishchenko et al. Phys. Rev. Lett. 2015, 114, 146401.

Summation of Feynman diagrams

Ὡ =

Basic idea of DQMC

Beard et al. Phys. Rev. Lett. 1996, 77, 5130.; Prokofôevet al. JETP Lett. 1996, 64, 911;

Prokofôevet al. Sov. Phys. JETP, 1998, 87, 310; Mishchenko et al. Phys. Rev. B 2000, 62, 6317.

DQMC study on Holstein model

G. D. Mahan, Many-particle physics (Springer Science & Business Media, 2013)

Current autocorrelation function

One-ǇŀǊǘƛŎƭŜ DǊŜŜƴΩǎ ŦǳƴŎǘƛƻƴ

Optical conductivity

Spectral function


