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Adapted from Laurenz Rettig, Fritz Haber Institute
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of Freedom

Explanation?

Crystal Distortiona

∼ 5− 10%

Lattice-Orbital-Spin
Interactions

∼ 10− 40ps
relax−−−→ ∼ 1ns

aIn similar experiments

a

aNature 617, 73–78 (2023)
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Lattice-Orbital-Spin
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Ab-Initio Phonon Dynamics

Dynamics Not Limited to Harmonic Motion

ρWph =
∏

ν,q
tanh(ωqν/2kBT )

π exp
[
−tanh(ωqν/2kBT )

(
z̃2qν + P̃ 2

qν

)]
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System

hexagonal Boron Nitride (hBN)

z̃qν , P̃qν ∼ ρWph

Tight Binding (TB) Model:

ĤW (X) =
1

2
ωqν(P̃

2
qν + z̃2qν)

+∆αα̂
†
kα̂k − t0

(
â†kb̂ke

ik·δ + c.c.
)

+z̃qνM̂(q, ν, gν(k,q))
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â†kb̂ke

ik·δ + c.c.
)

+ z̃qνM̂(q, ν, gν(k,q))

TDDFT Real Space Supercells
Real Time

LDA xc-functional

8 Kevin Lively Ultrafast Phonon Mediated Inter-valley Scattering with Tailored Light



Motivation
Scalable Ab-Initio Electron-Phonon Dynamics

Application
Outlook

System

hexagonal Boron Nitride (hBN)

z̃qν , P̃qν ∼ ρWph
δRαp,Pαp ∼ z̃qν , P̃qν

Tight Binding (TB) Model:
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System Dynamics

Circularly Polarized Pump

Ultrafast: FWHM 4.15 fs

Intense: 7.9× 1011 W
cm2
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System Dynamics

Circularly Polarized Pump

FWHM 4.15 fs

Only Populates one Valley

|ck|2(t) = |Tr [ρ̂(t) |nk⟩ ⟨nk|] |2
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Measuring VA: Transient Circular Dichroism

Transient Absorption Spectroscopy

Pump with Circularly Polarized Light

jpump(t)

Probe, Eprobe, with Circularly Polarized Light at delay τ

jpump-probe(t, τ)
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Transient Absorption Spectroscopy

Pump with Circularly Polarized Light

jpump(t)

Probe, Eprobe, with Circularly Polarized Light at delay τ

jpump-probe(t, τ)

jTAS(t, τ) = jpump-probe(t, τ)− jpump(t)

σTAS(ω, τ) =
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dt jTAS(t,τ)e

iωt∫
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Measuring VA: Transient Circular Dichroism

Same
=======⇒
Polarization
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Measuring VA: Transient Circular Dichroism

Cross
=======⇒
Polarization
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Measuring VA: Transient Circular Dichroism

σsame
TAS (ω, τ)

σcrossTAS (ω, τ)

VATAS(τ) =

∣∣∣∣∫ dω Re [σcrossTAS (ω, τ)− σsame
TAS (ω, τ)]∫

dω Re
[
σcrossTAS + σsame

TAS (ω, τ)
] ∣∣∣∣, (1)
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TB Model

TDDFT
1800 atoms!
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Measuring VA: Harmonic Ellipticity

Highly Intense (8 TW/cm2), off-resonant pumping ω ∼ 0.1Egap

Trefoil Pump

Linear Probe

Mitra et. al Nature 628, 752–757 (2024)
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Measuring VA: Harmonic Ellipticity

Highly Intense (8 TW/cm2), off-resonant pumping ω ∼ 0.1Egap

Trefoil Pump

Linear Probe

Signal from Third
Harmonic
Ellipticity

Mitra et. al Nature 628, 752–757 (2024)
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Measuring VA: Harmonic Ellipticity

TB Model: STEF

-30° 0° 30°

50fs after the pulse
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Measuring VA: Harmonic Ellipticity
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Van der Waals heterostructures
Robustness of TAS spectra to Phonon Scattering

Dynamical/Transient Phase Transitions

SrTiO3: Paraelectric→ Ferroelectric
MoTe2: Semiconducting → Metallic phase
Td-WTe2: Weyl Semimetal → Manipulate Weyl nodes

14 Kevin Lively Ultrafast Phonon Mediated Inter-valley Scattering with Tailored Light



Motivation
Scalable Ab-Initio Electron-Phonon Dynamics

Application
Outlook

Outlook

Straight forward implementation across existing
frameworks

Arbitrary Pump Probe Simulations

Real Time Hot Carrier Dynamics and Thermalization

Differential Interlayer Thermalization in Moiré Materials /
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Van der Waals heterostructures
Robustness of TAS spectra to Phonon Scattering

Dynamical/Transient Phase Transitions

SrTiO3: Paraelectric→ Ferroelectric

MoTe2: Semiconducting → Metallic phase
Td-WTe2: Weyl Semimetal → Manipulate Weyl nodes

14 Kevin Lively Ultrafast Phonon Mediated Inter-valley Scattering with Tailored Light



Motivation
Scalable Ab-Initio Electron-Phonon Dynamics

Application
Outlook

Outlook

Straight forward implementation across existing
frameworks

Arbitrary Pump Probe Simulations

Real Time Hot Carrier Dynamics and Thermalization

Differential Interlayer Thermalization in Moiré Materials /
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Wigner Transform

ÔW (R,P) = (2π)−dN

∫
dQe−iP·Q ⟨R+Q/2|Ô|R−Q/2⟩
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Ab-Initio Phonon Dynamics

Initial electron-nuclear state

|χ⟩ Wigner−−−−−−→
Transform

ρW (R,P)

Ri, Pi ∼ ρW (R,P)

ρ̂ie(Ri), |ϕi(Ri)⟩

Mean Field dynamics

∂t |ϕi(t)⟩ = −iĤW (Ri(t)) |ϕi(t)⟩
Ṙi = −Pi

M

Ṗi =
−∂R ⟨ϕi(t)|ĤW (Ri(t))|ϕi(t)⟩

⟨O(t)⟩ = 1
N

∑
i ⟨ϕi(t)|ÔW (Ri(t),Pi(t))|ϕi(t)⟩

Same evolution as Single Trajectory Ehrenfest (STEF)

Approximate dynamic correlation

→ Systematic
Improvements

Kelly, A. et al, Energy Transport in Biomaterial Systems, Springer Series in
Chemical Physics, 93 pp. 383-413, 2009

17 Kevin Lively Ultrafast Phonon Mediated Inter-valley Scattering with Tailored Light



Motivation
Scalable Ab-Initio Electron-Phonon Dynamics

Application
Outlook

Ab-Initio Phonon Dynamics

Initial electron-nuclear state

|χ⟩ Wigner−−−−−−→
Transform

ρW (R,P)

Ri, Pi ∼ ρW (R,P)

ρ̂ie(Ri), |ϕi(Ri)⟩

Mean Field dynamics
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Phonon Basics

U = U0 +
1

2

∑
αp,α′p′

∂2E0

∂Rαp∂Rα′p′

∣∣∣∣
R0

α,p,R
0
α′,p′

δRαpδRα′p′

= U0 +
1

2
Cαp,α′p′δRαpδRα′p′ ,

Dα,α′(q) = (MαMα′)−1/2
∑
p

Cα0,α′p exp(iq ·Rp),

∑
α′

Dα,α′(q)eα′ν(q) = ω2
qνeαν(q).
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Electron-Phonon Dynamics

“Non-interacting” limit:
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Electron-Phonon Dynamics

“Non-interacting” limit:
Equilibrium Geometry R0

Ĥ(R0) |nk⟩ = ϵnk |nk⟩
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Electron-Phonon Dynamics

“Non-interacting” limit:
Equilibrium Geometry R0

Ĥ(R0) |nk⟩ = ϵnk |nk⟩(
− ∂2

∂2
R
+ ∂2E0(R)

∂R∂R

∣∣
R0

)
|nqν⟩ → ωqν |nqν⟩

19 Kevin Lively Ultrafast Phonon Mediated Inter-valley Scattering with Tailored Light



Motivation
Scalable Ab-Initio Electron-Phonon Dynamics

Application
Outlook

Electron-Phonon Dynamics

|nk⟩ , ϵnk, |nqν⟩ , ωqν

Time Dependent Boltzmann
Equation (TDBE):

∂t|cnk|2 ∼
∑

qmν |gνmn(k,q)|2f(|cmk|2, nqν)
∂tnqν ∼

∑
kmn |gνmn(k,q)|2h(|cmk|2, nqν)
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Electron-Phonon Dynamics

|nk⟩ , ϵnk, |nqν⟩ , ωqν

Supercell Static Displacement:

Phonon Coordinates zqν ∼ R

O(T ) =∫ dzqν
πσ2

qν(T )
ez

2
qν/σ

2
qν(T ) ⟨Ô(zqν , T )⟩
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Time Dependent Boltzmann Equation

∂tfnk = 2π
∑
mνq

|gνmn(k,q)|2

×{(1− fnk)fmk+qδ(ϵnk − ϵmk+q + ωqν)(nqν + 1)

+(1− fnk)fmk+qδ(ϵnk − ϵmk−q − ωqν)nqν

+fnk(1− fmk+q)δ(ϵnk − ϵmk−q − ωqν)(nqν + 1)

+fnk(1− fmk+q)δ(ϵnk − ϵmk−q + ωqν)nqν},

∂tnqν = 4π
∑
mnk

|gνmn(k,q)|2fnk(1− fmk+q)

×{δ(ϵnk − ϵmk+q − ωqν)(nqν + 1)

−δ(ϵnk − ϵmk+q + ωqν)nqν}.
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MTEF Initialization

(R0,P0) = X0 ∼ ρWph

ρWph =
∏

ν,q
tanh(ωqν/2kBT )

π exp
[
−tanh(ωqν/2kBT )

(
z̃2qν + P̃ 2

qν

)]
ĤW (X0) |ψl(X

0)⟩ = ϵl(X
0) |ψl(X

0)⟩

ρ̂e =
∑
l

f(ϵ0l , T ) |ψl⟩ ⟨ψl|
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Phonon Dressed Electronic Spectral Functions

Ak(ω) = Im [GW,nk(ω)]
GW,nk(t) =

i
Nt

∑
il ⟨nk|ψi

l(t)⟩ ⟨ψi
l(t = 0)|nk⟩

Phys. Rev. B 105, 245120
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Rapidly Convergent

Distanced to Converged answer: NRMSD

NRMSD =
√∫ tf

ti
dt(f(t)− g(t))2/(tf − ti)/(max(f)−min(f))
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ZPE Loss
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HHG Ellipticity

HHG Ellipticity Signal Picks up Valley Asymmetry

Resonant Circularly
Polarized Pump

Ix,y(ω) ∝
∫
dt eiωt∂tjx,y(t)

ϵ [Ix,y(ω)] ∈ [−1, 1]
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+
I2 y

) [
a.

u.
]
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