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e Phonon Coordinate: zq,

e Phonon Momenta: Py,
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Dynamics Not Limited to Harmonic Motion

P8 = T 2T xp [ o /20T (5, + P )|

™

Position Identical to Existing Static Methods

Kevin Lively Ultrafast Phonon Mediated Inter-valley Scattering wi



Application

Table of Contents

© Application

Kevin Lively Ultrafast Phonon Mediated Inter-valley S



Application

System

hexagonal Boron Nitride (hBN)
Tight Binding (TB) Model:

A 1 L
HW(X) = §qu(P§u + Zc211/)

Kevin Lively Ultrafast Phonon Mediated Inter-valley Scattering wi



Application

System

hexagonal Boron Nitride (hBN)
Tight Binding (TB) Model:

A 1 L
HW(X) = §qu(P§u + Zc211/)

—l—A(\dL(}k — 1o (&Lbkeik"s + (:.(:.)

Kevin Lively Ultrafast Phonon Mediated Inter-valley Scattering wi



Application

System

hexagonal Boron Nitride (hBN)
Tight Binding (TB) Model:

A 1 L
HW(X) = §qu(P§u + Zc211/)

—l—A(\dL(}k — 1o (&Lbkeik"s + (:.(:.)

+Eq7/]\j[(q7 v, gu(ka q))

Kevin Lively Ultrafast Phonon Mediated Inter-valley Scattering wi



Application

System

hexagonal Boron Nitride (hBN)
Tight Binding (TB) Model:

) 1 - 3
HW(X) - §wa’(P§V + 2(211/)
+ Aud.li;dk — 1o (&Lékeik"s + c.c.)
+ ZqM(q,v, 9" (k,q))

TDDFT Real Space Supercells

Real Time
LDA xc-functional

Kevin Lively Ultrafast Phonon Mediated Inter-valley Scattering wi



Application

System

hexagonal Boron Nitride (hBN)
Tight Binding (TB) Model:

) 1 - 3
HW(X) - §wa’(P§V + 2(211/)
+ Aud.li;dk — 1o (&Lékeik"s + c.c.)
+ ZqM(q,v, 9" (k,q))

TDDFT Real Space Supercells

Real Time
LDA xc-functional

Kevin Lively Ultrafast Phonon Mediated Inter-valley Scattering wi



Application

System

hexagonal Boron Nitride (hBN)
Tight Binding (TB) Model:

R 1 . .
HW(X) - §wa’(P§V + 2(211/)
+ Aud.li;dk — 1o (&Lékeik"s + c.c.)

+ ZqwM(q, v, ¢" (k,q))

TDDFT Real Space Supercells
Real Time
LDA xc-functional

Density Functional
Perturbation Theory
Input:

Wav, €av(q)

Kevin Lively Ultrafast Phonon Mediated Inter-valley Scattering wi



Application

System Dynamics

e Circularly Polarized Pump fedsdanddanorfrg
o Ultrafast: FWHM 4.15 fs
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o Intense: 7.9 x 10110% WW
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o Pump with Circularly Polarized Light
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Measuring VA: Transient Circular Dichroism

o
o
5

w
w

Energy [eV]
_J; w
w o
-—
—

»
)

GO

-4 0 4 8 12 16 20 24 28 32 36 40 44 48

Delay [fs]
K~ K-
M Cross M
Polarization

Kevin Lively Ultrafast Phonon Mediated Inter-valley Scatt:



Application
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Measuring VA: Transient Circular Dichroism
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Application

Measuring VA: Harmonic Ellipticity

Highly Intense (8 TW /cm?), off-resonant pumping w ~ 0.1Egq

o Trefoil Pump THG (3w)

Mitra et. al Nature 628, 752757 (2024)
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o Trefoil Pump THG (3w)
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Measuring VA: Harmonic Ellipticity
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Measuring VA: Harmonic Ellipticity
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Measuring VA: Harmonic Ellipticity
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Ab-Initio Phonon Dynamics

Initial electron-nuclear state Mean Field dynamics

Wigner

o [X) ——— pw(R.P) o O |6i(t)) = —iflw(Rq(t)) |éi(1))
o R, P; ~ pw(R,P) ° Ri= —
o PL(Ry), |¢i(Ry)) o P; =

—Or (0i(t)| Hw (Ra(t))[ 04 (1))
(O() = & 3, (9i(1)|Ow (Ri(1), Py (1) |i(t))

e Same evolution as Single Trajectory Ehrenfest (STEF)

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

Initial electron-nuclear state Mean Field dynamics

Wigner

o [X) ——— pw(R.P) o O |6i(t)) = —iflw(Rq(t)) |éi(1))
o R, P; ~ pw(R,P) ° Ri= —
o PL(Ry), |¢i(Ry)) o P; =

—Or (0i(t)| Hw (Ra(t))[ 04 (1))
(O() = & 3, (9i(1)|Ow (Ri(1), Py (1) |i(t))

e Same evolution as Single Trajectory Ehrenfest (STEF)

o Approximate dynamic correlation— Systematic
Improvements

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

1 9%Ey
2 » ORapOR oy

ap,x

U=Uy+ 5Rap5Ra/p/

0 0
Ra,pvRa/ o’

1
=Up+ §Cap,a/p/(5Rap5Ra/p/,

Doo (@) = (Mo Mor) 23" Cog arp expliq - Ry),
p

Z Do (q)ean(q) = wgyeau(q)-
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Electron-Phonon Dynamics

“Non-interacting” limit:
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Electron-Phonon Dynamics

“Non-interacting” limit:
Equilibrium Geometry Ry

H(Rg) |nk) = ey [nk)
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Electron-Phonon Dynamics

“Non-interacting” limit:
Equilibrium Geometry Ry

H(Rg) |nk) = ey [nk)

92 | 9Eo(R
(_Q + dR(l)(R> ‘Ro) |”qu> — Wqu |nqu>
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Electron-Phonon Dynamics

Time Dependent Boltzmann
Equation (TDBE):

at|cnk|2 ~ quy |g;/nn(k7 q)|2f(|cmk‘2>nq1/)
Omay ~ Premn |9 (K D PR(|emcl, )
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Electron-Phonon Dynamics

Supercell Static Displacement:
Phonon Coordinates zq, ~ R

om =
fdQ»ZiquT)ezqu/UqV(T) <O(qu/7T)>

7T0'qu(
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Time Dependent Boltzmann Equation

atfnk =2 Z ‘gvl;ﬁ,n(k) q)|2

ra
X{(1 = fuk) frnk+q0(€nk — €mk+q + Wav)(Ngqy + 1)
+(1 = fak) frk+qd(€nk — €mk—q — Wav)Nqv
+ k(1 = fiktq)0(€nk — €mk—q — Wau ) (Nqw + 1)
+frk(1 = fink+q)0(€nk — €mk—q + Wav)Nqu }5

Oengy = 47 Y |9in (@) * fukc (1 = frnkeq)

mnk
x{d(enk — €mictq — Wav) (Nqw + 1)
—0(€nk — Emktq + Wav)Nqu }-
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MTEF Initialization

(Ro, Po) = Xo ~ pi}y
pg}/l =14 tanh(wgy /2kpT) exp [—tanh(wqy/QkBT) (531,/ + p&u)}

B T

Hy (X% [90(X°)) = e(X%) [11(X°))
pe =Y f(&:T) |vn) (¥

l
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Phonon Dressed Electronic Spectral Functions

k Path
E N oW oA U o

Spectral Function [1/eV]

NN W
o n o

-
n

Spectral function (1/eV)

=
o

ectral Function [1/eV]

05 g
&

o
°

Energy [eV]

2 4 3
Energy [eV]

Phys. Rev. B 105, 245120
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Rapidly Convergent

Valley Asymmetry
e o o o &
N 2 o ® o

o
o

Distanced to Converged answer: NRMSD

(@)

—— NRMSD = 0.02 - ;=20
— N;=380 35
g
8
g
[a}
8
by
£
=
QU
10* 102 10° 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020

Time [fs]

NRMSD

NRMSD = /7 dt(f(t) -

Kevin Lively

9(t))?/(ty — t:)/ (max(f) — min(f))
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ZPE Loss
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HHG Ellipticity

HHG Ellipticity Signal Picks up Valley Asymmetry

(a) (b)
Resonant Circularly
Polarized Pump

-0.021 — Right

-0.10
-0.04 Left Left
—— Linear —— Linear

ex(IZ+12) [a.u.]
o o
8 8
<}
%&
>
b
Q)
$
-
S S
> =
8 s

Loy (w) / dt €0y (0 37 3
e e e i e A 3o e 80.00
€[Loy()] € [<1,1] . ,

-0.50

Nwprobe Nwprobe

(a): Tight Binding, (b): TDDFT
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