f fH)uuRNTUMESPRESSD: &=

e

from density-functional theory {0 S — —
dual wave-particle transport and

device simulation

Michele Simoncelli
ms2855@cam.ac.uk

58 UNIVERSITY OF
4% CAMBRIDGE ICM



mailto:ms2855@cam.ac.uk

OUTLINE

A Density functional theory and dual wave-particle transport
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QAUANTUMESPRESSD

www.quantum-espresso.org

Quantum opEn-Source Package for Research in Electronic Structure, Simulation, and Optimization
J. Phys.: Condens. Matter 21, 395502 (200%9) and |. Phys.: Condens. Matter 29, 465901 (2017/)

Composed of several packages: CP: Car-Parrinello molecular dynamics
PWhneb: Nudged Elastic Band (NEB) for reaction pathways and barriers
atomic: pseudopotential generation code
PW cond: ballistic conductance
XSpectra: Calculation of X-ray near-edge adsorption spectra (XANES)
GWL.: GW band structure with ultralocalized Wannier functions
TD=-DFPT: [ ime-Dependent Density-Functional Perturbation Theory
HP: Hubbard parametes from linear response
turboMagnon: spin-wave spectra using 1 D-DFPT
PWscf: self-consistent electronic structure, structural optimization, molecular dynamics
PHonon: linear-response calculations (phonons, dielectric properties)
D3Q: Phonon-phonon interaction and thermal conductivity
EPW: Electron-phonon coefficients and related properties



CHARGE DENSITY AND BAND STRUCTURE

Ground state electronic energy and density, n(r) = 2 |y, (1) |
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PSEUDOPOTENTIALS — 555P LIBRARY

Valence wavefunctions are ‘soft and smooth’ in the intersttial
region, they strongly oscillate in the core region;

Core region : Interstitial region
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INTERACTIONS: BROADENING OF BANDS

Electron-phonon interaction
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BROADENED BAND STRUCTURE FROM DFT

Electrons Phonons
—c(k),, — 0(q),
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FROM BAND STRUCTURE TO TRANSPORT COEFRFICIENTS

Wigner transport eqguation for electrons
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Wigner transport equation for phonons
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WIGNER CONDUCTIVITIES FOR ELECTRONS AND PHONONS

inear response in VT of phonon Wigner equation vields the heat flux Q, thus thermal conductivity (Q = — xkVT)
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DUAL WAVE-PARTICLE TRANSPORT

°honon transport in CsPbBrs
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DUAL WAVE-PARTICLE TRANSPORT

Phonon transport in CsPbBrs
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BEYOND BAND TRANSPORT

Heat transfer in amorphous solids Charge transfer in solid-state 1onic conductors
N
o
Atomistic model of SiO; generated from first principles Li-lon percolation pathways in LizLazZrn O,
Simoncelli, Mauri, Marzari, npj Comput. Mater. 9 (2023); Kahle et al., Phys. Rev. Materials 3, 055404 (2019)
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PROTOCOL FOR HEAT TRANSPORT IN GLASSES
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CONDUCTIVITY OF GLASSES FROM FIRST PRINCIPLES
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[ONIC DIFFUSIVITY FROM AB INITIO MOLECULAR DYNAMICS
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MESOSCOPIC MODELS FOR DEVICES
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HEAT HYDRODYNAMICS IN SIMPLE CRYSTALS WITH kp > K-

4
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(exact solution)
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Particle-like conduction dominates, Peierls-Boltzmann equation is accurate
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RELAXONS: EXACT SOLUTION & MICROSCOPIC INSIGHTS

How to define heat carriers and relaxation time in the hydrodynamic regime?
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ODD & EVEN RELAXONS: CONDUCTIVITY & VISCOSITY

Relaxons have parity: even |9(—q)§‘> = + |6’(q)§3‘> or odd ‘6’(—Q)f> = = H(Q)€>
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VISCOUS HEAT EQUATIONS GENERALISE FOURIER'S LAW
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PREDICTING REFLECTIVITY AND COLOUR OF METALS

(i) Band structure
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CONCLUSIONS

f {)uuantumespresso allows to predict from first principles:

@)

A

Bands for electrons and phonons, and broadening due to interactions;
electrical and thermal conductivity beyond semiclassical theory;

lonic diffusion or heat transport in disordered materials;

Raman spectra, useful to characterise structural properties;

parameters for mesoscopic models for devices.
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