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NO scattering from Au(211)
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Proposed mechanism
NO (Vlow)

Vibrational energy k
o=/
\
—0—
€F

is lost into
electron hole pair
excitations

- K. Golibrzuch et. al., Ann. Rev. Phys. Chem., 66, 399 (2015)

NO(Vhigh)

NO™




Prominent simulation approaches

» Independent Electron Surface Hopping (IESH)*!
 Molecular Dynamics with Electronic Friction (MDEF)!2]

« Semiclassical Dynamics?

- [1] Shenvi et.al. J. Chem. Phys. ,130,174107 (2009)
- [2] Head-Gordon & Tully, J. Chem. Phys., 103, 10137 (1995)




Quantum dynamics with path integrals

(B(t)) = Tr[pB(t)] = Tr[peift/h Be-iHt/I]
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-Quantum Mechanics and Path Integrals, Feynman & Hibbs 5




Semiclassical (SC) dynamics

= Use Stationary Phase Approximation (SPA) to
path integral of propagator: Only count
classical paths .

xCL(t) [eAt/h
» SC pre-factor accounts for ‘quantum
{ fluctuations around classical paths.

= Trajectories interfere with each other through

LHt/h their classical actions.
xCL(t)

| » Can account for most quantum effects: ZPE,
-Miller, J. Phys. Chem. A, 105, 2942 (2001) . .
-Malpathak, Church, Ananth, J. Phys. Chem. A 126, 6359 (2022) Sha | |OW tunne | | ngl INnte rfe Frence. 6




Classical-limit SC dynamics

xcL(t) —lHt/fl
SC x¢ ()
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* Assume forward [x/;(t)] and backward [x_;(t)] trajectories coincide.

* Evolve ensemble of classical trajectories from a quantum distribution.

-Miller, J. Phys. Chem. A, 105, 2942 (2001)
-Wang et. al., J.Chem. Phys., 108, 9726 (1998), Sun et.al., J.Chem. Phys., 109, 4190 (1998).
-Malpathak, Church, Ananth, J. Phys. Chem. A 126, 6359 (2022)




Some insights into the scattering process
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An elongated NO bond and

proximity to the Au(111)
surface facilitate electron
transfer

- Malpathak, Ananth, J. Phys. Chem. Lett., 15, 794 (2024)
- Gardner, et.al. J. Phys. Chem. C, 127, 15257 (2023)
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Model Hamiltonian

Newns-Anderson-Holstein
Hamiltonian

NO potential NO~ potential

\ /

Hyay (X, P) = %P.m‘l.P + Uo(X) + [U;(X) —Uy(X)]dTd

+ 2 exclo, + 2 Ve (X) (dT e, +cf d)
k k
\ | .

Metal states Metal-molecule coupling

- Malpathak, Ananth, J. Phys. Chem. Lett., 15, 794 (2024)
- Gardner, et.al. J. Phys. Chem. C, 127, 15257 (2023)
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v; = 3:shorter NO bond
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= NO approaches closer to
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= Bond stretches more
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- Malpathak, Ananth, J. Phys. Chem. Lett., 15, 794 (2024)
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Vibrational relaxation for v;

Inelastic scattering
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= Accurately captures role of transient electron transfer and incident translational

energy

= Comparable to MDEF and IESH.

- Malpathak, Ananth, J. Phys. Chem. Lett., 15, 794 (2024)
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v; = 16: longer NO bond
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- Malpathak, Ananth, J. Phys. Chem. Lett., 15, 794 (2024)
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Resonant vs. dissipative

Vibrational energy transferred into a few high energy
EHP excitations

OR

Vibrational energy dissipated into many low
energy EHP excitations

r__.l
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Population of metal states
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- Malpathak, Ananth, J. Phys. Chem. Lett., 15, 794 (2024)
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Summary

« Can predict role of ET and dependence on translational energy in
vibrational relaxation for short NO bond lengths.

 Like other state of the art methods, falls short for larger bond lengths. Unable to
predict resonant ET mechanism.

* Need a better NAH model Hamiltonian that can account for orientation of NO,
rotation and coupling to phonons.

* Quantizing NO vibration might provide a more
. . /,” Exact Quantum "‘-\
accurate description of resonant ET. New method: ; hase Space

Hybrid Wigner Dynamics is well suited for this. /\-

for bath

- Malpathak, Ananth, J. Phys. Chem. Lett., 15, 794 (2024)
- Malpathak, Ananth, in prep. 15




Thank you!
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Path integral for the propagator

N of these, e = t/N

(xrle—iﬁt/h | x) _ (xrle—iﬁe/h e—iﬁe/h __e—iﬁe/h | x)

e N >
* Trotter approximation

A4

=ij eiS(x,x')/h

\

sum over paths

Figure from: Stat. Mech. by Mark Tuckerman

Real time
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Initial Sampling
p = |Pzi, Zi)X Pgi, Zi| @ |v;)Vi| @ Praot @ Pmetal-

Electronic dofs sampled using focused sampling.

In spin mappingy = 0as N -

-Bonella & Coker, Journal of Chemical Physics 2003, 118, 4370—4385
-Runeson & Richardson, The Journal of Chemical Physics 2019, 151, 044119.




Replacing fermionic operators with
bosonic ones

(nfe] ()& (82)In) = D7 G (1) Gy (12)8;7 308y

-ii I'J‘LJ

= (nlb (11)bi(t2) ), (20a)

{]l|£,|,_{fg}ﬂ, (t;)[n) = Z("* (1) G (82) 85 10w 0
i’k

= (n|bi(t2)b! (11)[m). (20b)

-J. Chem. Phys.158, 094112 (2023);
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GHM Refit
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GHM

Refit

'=1.5 eV, AE = 100 eV ~ [=3.5eV,AE=7¢eV
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Figure S3: Contour plots of the adiabatic ground state energy for the model of Gardner
et al. (I' = 1.5eV, AFE = 100eV) and our refit potential (I' = 3.5eV, AE = 7eV).
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