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Non-adiabatic qguantum dynamics

Hopping in non-
adiabatic regime

Ring Polymer Surface Hopping

J. Phys. Chem. Lett. 2023, 14, 8658.
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Software Impacts 2024, 19, 100604.


https://chemrxiv.org/engage/chemrxiv/article-details/660b0e1ce9ebbb4db924b22d

Incorporating NQEs into non-adiabatic quantum dynamics
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Path Integral Molecular Dynamics

Path integral formalism: Z = Tre AH ~ lim [ drydry ...dry, exp[—BVeugs (11,72, oo )]
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A finite value of n
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Remnants of kinetic energy operator - Bh
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M. Parrinello, A. Rahman, J. Chem. Phys., 1984, 80, 860.



Ring Polymer Molecular Dynamics

PIMD! RPMD?
4 » Temperature controlled » No thermostat (N,V,E)
by a thermostat (N,V,T) »
e » Real mass Tully Model-1

p > Fictitious mass

>

r
H - H
Zero-point energy V= lz v Quantum tunneling
= i
n

i=0

IM. Parrinello, A. Rahman, J. Chem. Phys., 1984, 80, 860. %I.R. Craig, D.E. Manolopoulos, J. Chem. Phys., 2004, 121, 3368.
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Trajectory-based nonadiabatic dynamics

"‘1 John Tully

- = 1990: Fewest-Switches Surface Hopping (FSSH)
2012: Ring polymer surface hopping (RPSH)

Full quantum mechanics

Quantum wavepacket bifurcates

Vg

Surface hopping (SH)

Nonadiabatic reaction
Adiabatic reaction

Ensemble of classical trajectories

v’ Stochastic, phenomenological methodology

v’ Ease of implementation, good convergence
v Good results in many applications

Adiabatic potential energy surface
4 .
ihé,, (£) =V, (R)c, (£) — ihz R dos (R)c (1)
B v
Nonadiabatic coupling vector

Probability of non-adiabatic transition
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** Overcoherence problem

** Neglect of Nuclear Quantum Effects (NQEs)

Mainstream non-adiabatic dynamics methodology



Ring Polymer Surface Hopping (RPSH) dynamics

Path Integral
Formalism
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‘ Solving TDSE
incq(t) = Ve (R)cg thR dop(R)cp (1)
‘ Non-adiabatic transitions
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FAS; Huo, P. J. Phys. Chem. Lett. 2017, 8, 3073.

Shushkov, P.; Li, R.; Tully, J.C. J. Chem. Phys. 2012, 137, 22A549.

Energy

Reaction coordinate

RPSH conserves quantum plus classical energy

Velocity of each bead is re-scaled along the direction of the
centroid non-adiabatic coupling vector:

R = R; — 1,5d.4(R)/M



Frustrated hops in RPSH

— Ve A
View + Knew = Voia + Koug
R Vg T 7T
W
Frustrated hops N 4
How should be treated? Dr. Dil Limbu

Energy

May be

Always
forbidden Ve

allowed

1. Reverse the velocity.?

2. Not reverse the velocity.?

A 4

Reaction coordinate . . . .
3. Make a decision on reversing or not reversing based on the
force that the classical particle feels from the final states.3*

Effect of proper treatment of frustrated hops in reproducing
correct quantum Boltzmann populations in RPSH

Tully, J.C. J. Chem. Phys. 1990, 93, 1061. ?Miiller, U.; Stock, G. J. Chem. Phys. 1997, 107, 6230. 3Jasper, A.W.; Truhlar, D.G. Chem. Phys.
Lett. 2003, 369, 60. 4Jain, A.; Subotnik, J.E. J. Chem. Phys. 2015,143, 134107.



Quantum Boltzmann distribution
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Quantum Boltzmann distribution

Quantum Boltzmann populations are preserved if: T = = =
0 B
(1) Ratio of attempted upward and downward transitions q b exp(-pA) ==
. ) PP, ®
(kap/kpq) is to unity. ~ 2| ke,
=
(2) Fraction of accepted upward hops (x4g) is equal to S
Boltzmann factor exp(—fA). -4 |
-5} Y \
Q: Does it have an adverse effect on the dynamics? 0}
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Frustrated hops in RPSH dynamics
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Frustrated hops in RPSH dynamics
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Limbu, D.K.; FAS J. Phys. Chem. Lett. 2023, 14, 8658.
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SHARP pack software package

SHio#RP

» RPSH is available to public in the context of a modular
software package, SHARP pack

https://github.com/Softwarelmpacts/SIMPAC-2023-481

» Developed in Fortran 90.
> A flexible and user-friendly input/output handling system

» Comes with a variety of built-in models for method
benchmarking.

» The modular architecture enhances the software’s
flexibility and adaptability, enabling integration of new
methodologies or models.

Limbu, D.K.; FAS Software Impacts. 2024, 19, 100604.
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ntraj
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Fleshing out the method: Condensed-phase non-adiabatic dynamics

Spin-boson model is a widely used system to benchmark simulation methods for non-adiabatic
dynamics in the condensed phases.

Total Hamiltonian: H = H H H
Spin-Boson Model s T Hp + Hap
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captured in the compact form of a spectral density.
/v Reorganization energy
E, ww,

Deby spectral density: —
y sp y: J(w) > 1

Bhusal, S.; Limbu, D.K.; Castaneda-Bagatella, D.; FAS In preparation 2025.



Spin-boson model: Benchmarking RPSH at low temperature limit

E, =0.02 Exact —  FSSH RPSH —

» High diabatic coupling, A = 1.0 1N ﬂ ﬂﬂ ﬂ ﬂ ﬂ ﬂﬁ ﬂ ﬁ " RR
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Zhu-Nakamura theory of nonadiabatic dynamics

79th VISTA semina r, Nov 13’ 2024 Global switching trajectory surface hopping molecular dynamics simulation

on on-the-fly TDDFT potential energy surfaces

» Zhu-Nakamura (ZN) theory of nonadiabatic transitions.

Chaoyuan Zhu

> P rOba bi | |ty Of nona d ia batIC tra nSitiOnS are expressed Institute of Molecular Science, National Yang Ming Chiao Tung University, Taiwan, China

cvzhu@nycu.edu.tw

in simple analytical formula based the shape of PES.

» Applicable to diabatic and adiabatic surfaces.

» |t also provides analytical formula for classically forbidden
transitions.
» We expect to see a drastic time-efficiency.

» It will be compatible with the use of machine learning
potentials (MLPs) for condensed-phase simulations.

» We have recently developed the first MLP for 2D
electrically conductive metal-organic frameworks.

Zhu, C.; Nobusada, K.; Nakamura, H. J. Che. Phys. 2001, 115, 3031.
Shi, Y.; FAS J. Phys. Chem. C 2025, 129, 2222.
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