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First-Principles – Methodology Development

Deep defect levels      Bright optical transitions      High spin state

High quantum yield and PL contrast      Long spin relaxation and coherence time
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Many-body theory –
include screened Coulomb interaction (GW)1,2,3,4

Exciton recombination –
solving the Bethe-Salpeter Equation (BSE)3,4,5

Substrate screening –
polarizability including implicit substrate6,11

Charged cell correction for 2D –
including dielectric function !(")1,2,7

Spin-lattice relaxation time –
ab-initio density matrix dynamics with SOC & e-ph8,12,13

Nonradiative recombination –
phonon mediated recombination9

Abstract: Stable, scalable, and reliable quantum information science (QIS) is poised to revolutionize human well-being through quantum computation, communication and sensing. Here, I show our recent development on first-principles computational platforms to study quantum coherence and
optical readout as critical processes in QIS in solid-state materials, by combining first-principles many-body theory and open quantum dynamics. First, we show how we reliably predict energetics, electronic and optical properties of spin defects and their host two-dimensional(2D) materials from
first-principles many-body theory, which accurately describes highly anisotropic dielectric screening and strong many-body interactions. In particular, we show how we identify the chemical composition of single photon emitters in hexagonal boron nitride and 2D magnet NiPS3 by computing
optical transitions, radiative and nonradiative as well as intersystem crossing kinetic rates with strong exciton-defect couplings from first-principles. Next, we introduce our recently developed real-time density-matrix dynamics approach with first-principles electron-electron, electron-phonon,
electron-impurity scatterings and self-consistent spin-orbit coupling, which can accurately predict spin and carrier lifetime and pump-probe Kerr-rotation signatures for general solids. As an example, we will show our theoretical prediction on Dirac materials under electric field with extremely
long spin lifetime and spin diffusion length and spin relaxation in bulk halide perovskite. This theoretical and computational development is critical for designing new materials promising in quantum-information science, spintronics, and valleytronics applications.

Spin Relaxation and Dynamics in 2D Materials
Real-time Dynamics and Density Matrix Evolution8,12
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Spin Relaxation in Lead Halide Perovskites
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q Spin lifetimes are highly anisotropic
q 56,7 of Silicene and Germanene have different 

responses to electric field
ß Different spin relaxation mechanisms

Calculated transport properties of Germanene with defects

No experimental / fitting parameters

Predicted spin diffusion 
length 86 of Ge

>
The exp. values of graphene 
samples 1-30 µm

Liang et al., ACS Energy Lett. 6, 1670 (2021)

Perovskite-based spin-LED device

Wang et al., Nat. Commun. 10, 129 (2019)

Recent experiments of perovskites

Perovskite spintronics recently attract strong interests

q Impurities reduce 
the spin lifetime 
by more than one 
order when T < 
10 K

q Theoretical 
results are in 
good agreement 
with the 
experiments from 
4 K to 300 K
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Temperature dependence of 56 of CsPbBr3 Effects of perpendicular B field

A relatively weak magnetic field B will 
introduce additional term in Hamiltonian

L= :
;ℏ(r×p-p×r) is orbital angular momentum

=> is understood as an effective total field
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The fluctuation of 
=> across 
different H points 
will induce 
additional spin 
relaxation and 
reduce spin 
lifetime

CsPbBr3 at 10 K

PL line shape:

Left figure: 56 at 300 K as a function of I7

“A universal model of spin relaxation in solids”, Physics Magazine, 2021

(Valy’s:  Huynh et al. Nat. Commun., 13, 1428 (2022)
(Zhou’s:  Zhou et al., J. Phys. Chem. Lett. 11, 1502, (2020)

Radiative and Nonradiative Recombination
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We compute the radiative recombination 
including excitonic effects for NBVN
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Isolated limitWe compute the radiative recombination 
including excitonic effects for NBVN
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Intersystem crossing (ISC)10

Spin-orbit coupling constant: yz

Exciton O{,| of Movv in hBN by solving BSE

Lindblad dynamics 
for scattering

The scattering term reads For electron-phonon 
scattering,

“S” means
Schrodinger
Picture; D:;
is e-ph coupling 
matrix with SOC

q Spin-phonon scattering was thought unimportant
q Our simulations show substrate effects can well 

explain two phenomena: (i) electron-hole 
asymmetry; (ii) 
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Anisotropy

Spin lifetime Carrier lifetime

n > 0: 
elec. Density;

n < 0:
hole density

Graphene on a clean hBN substrate13

Graphene derivatives with strong SOC- silicene and germanene14
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