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Abstract
Theoretical/computational description of excited state molecular dynamics is nowa-

Correspondence days a crucial tool for understanding light-matter interactions in many materials. Here
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we present an open-source Python-based nonadiabatic molecular dynamics program
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Abstract

We present mixed quantum-classical approaches based on the exact factorization
framework. The electron—nuclear correlation term in the exact factorization enables
us to deal with quantum coherences by accounting for electronic and nuclear nona-

Top. Cur. Chem., 380, 8 (2022)



Introduction — Excited state phenomena

Electron-nuclear correlation from exact factorization
Mixed quantum-classical approaches based on exact factorization

PyUNIXMD program — Structures, Flows, etc.
Incoming features

Summary



What we want to simulate...
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Features of pyUNIXMD

Electron-nuclear correlation based on the exact factorization

A very natural handling of electron-nuclear correlation beyond classical
nonadiabatic couplings

It can provide a correct description of decoherence

Modularized & easy-to-use (with a simple python knowledge)
Can be coupled to any python-based program

Various mixed quantum-classical (MQC) dynamics are implemented

UNL  xXMD




Dynamics with electronic excited states

Key ingredients
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Dynamics with electronic excited states

Key ingredients

ﬁ Stimulated
emission

Energy

Pump 500 nm

Isomenzation coordinate

Multiple Born-Oppenheimer potential energy surfaces (PESs)
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Beyond classical nuclei: exact factorization

Molecular wave function as a single product

(R 1) = x(R, 1) Pr(r, 1),

the solution of the full molecular TDSE

where / dr|Pg(r,1)]* = IVR

Nuclear wave function y - exact time-dependent nuclear density

Nuclear EOM Ne T_in, + Ay (R 1]
ZhatX(Ea t) — <Z - 2M —= + E(Ea t)) X(Ea t)

vr=1
Electronic wave function ® - a time-dep. (TD) PES &, a TD vector potential A

(1)) Ay(R,t) = (Pr(t)] - ihV,Px(t))

r

€(R. 1) = <<I>§(t)‘ Hpo + U _ ihid,

[1=s

Phys. Rev. Lett., 105, 123002 (2010), J. Chem. Phys., 137, 22A530 (2012)



Beyond classical nuclei: exact factorization

Electronic equation of motion

ihd; PR (r,t) = (ﬁBO(g, R) + U2 b, \] — e(R. t)) Pr(r, )

where the electron-nuclear correlation operator is

N, 1
femn ] = 3

vr=1

—inV, — A, (R, 1)]" (z’hV,,X
2 T

» ‘|‘Au(§: t)) (—ith_Au(Ea t))]

Analysis of electron-nuclear correlation operator

Yooy [[-inV,—A, (R, 1)) . . . .
Z i 5 generate a potential corresponding to diagonal BO correction (DBOC)
v=1 Y

. ) | provides Ehrenfest equation with trajectories

quantum momentum provides additional correlation toward quantum (de)coherence

Phys. Rev. Lett., 105, 123002 (2010), J. Chem. Phys., 137, 22A530 (2012)



Early members of the exact factorization

I F -’E:
Yasumitsu Suzuki

Neepa T.
Maitra
(Rutgers U.,
Newark)

Long time ago... @ CECAM Workshop in Lausanne

Phys. Rev. Lett., 105, 123002 (2010), J. Chem. Phys., 137, 22A530 (2012)



Classical Nuclei: Effective potential energy surfaces

Exact factorization can capture correct behavior in potential energy surfaces

(R, (1) = (Xn(R, 1) [RIxn (R 1))/ (Xn (R, 1) [ Xn (R, 1))

n
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formally exact, practically useless...



Trajectory-based equations of motion

(1))

(R, 1) = (Pr()| Hpo [Pr(t)) + (Pr(t)| - ind) r

1 KE@JH —ifL'Zrm)(—mv,,—Ay@t))]

(R, 1) = (®n(t)| Hpo + UZ™ — ihd; [on (1))

i1, Og(r, 1) = (ﬁBO(g, R) + U< [Bg, ] — (R, t)) PR (r,t)

N . 2
i _ZhVV—|_AV E,t
zhatx@,t)—( Al +e@,t>> (R 1)
v=1 v
Py = VoSoRot) + AL (R1) O y(R.1) = (R, )l 5B/

Quantum Hamilton-Jacobi eq. = Newtonian equation (trajectory)

Phys. Rev. Lett., 115, 073001 (2015), J. Chem. Theory Comput., 12, 2127 (2016).



Trajectory-based equations of motion

Electronic equation of motion

d A
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Trajectory-based equations of motion

Electronic equation of motion Dpin (L, 1) = S5t CRD (1), gt ) (@)

(I —1 (1 I I I
0400 =l (RO0) 1)~ w0 Y el e,

Nn,
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Phys. Rev. Lett., 115, 073001 (2015), J. Chem. Theory Comput., 12, 2127 (2016).



Coupled trajectory approach (CT-MQC)

Calculating quantum momentum from a nuclear density from multiple trajectories

Put Gaussians on all trajectories, and compute the quantum momentum
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Phys. Rev. Lett., 115, 073001 (2015), J. Chem. Theory Comput., 12, 2127 (2016).



Coupled trajectory approach (CT-MQC)

Additional ingredients compared to Ehrenfest/Surface hopping dynamics

Positions of all trajectories to construct nuclear quantum momentum

t
Phase factors from all BO forces t')(t) = - /0 dt'V, et

All trajectories should be run simultaneously!
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First principle-based implementation

Car-Parrinello Molecular Dynamics (CPMD) program
Excited state calculation with LR-TDDFT

(D) (V121 (4)12
Photodissociation dynamics of Oxirane (S,~>S) ;'Cl (OFICOF Nire;

$4/S, indicator of decoherence
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Rc,0 (A) = 10 1o 19 v Rc,o () @
100 trajectories
with initial Boltzmann distribution at 300K
1 1 1 |
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Quantum-like trajectories for CT-MQC time (fs)

deep: (corr)}-FSSH, pastel: CT-M
(deep: (corr)-FSSH, pastel: CT-MQC) J. Phys. Chem. Lett., 8, 3048 (2017).



Independent (auxiliary)-trajectory method:

Decoherence-induced surface hopping based on exact factorization (DISH-XF)

Coupled-trajectory algorithm requires ...

Nonadiabatic coupling vectors (NACVs) among all states
c.f.) surface hopping : NACVs projected on velocities (NACME)

BO force for all electronic states

BO calculations should be stable for all trajectories

Coupled-trajectory algorithm is efficient, but less efficient than the
conventional surface hopping algorithm

Modified surface hopping algorithm based on exact
factorization
> Decoherence-induced surface hopping
based on exact factorization (DISH-XF)

J. Phys. Chem. Lett., 9, 1097 (2018).



Independent (auxiliary)-trajectory method:

Surface hopping based on exact factorization (SHXF)

Nuclear equation: same as the conventional surface hopping,
i.e. nuclear force from the running state or force state

Electronic equation with the decoherence term

(1 ( I -
G0 (1) =5 o (RO M) 67 (1) = 3D 3 cP (],
v=1 k=1
N
~ 1 Vx| I
2| Qo Ot () — £ ) 0
v=1""" (I k

Hopping probability: same as the conventional surface hopping

Quantum momentum from auxiliary trajectories :
put “ ” (finite width as an external parameter) Gaussian wave packet
when population exchange occurs

J. Phys. Chem. Lett., 9, 1097 (2018).



Numerical implementation of SHXF

( START )
+

!}
1.1= O In|t|.al distribution of puclear 5. Calculate nuclear forces (from 2)
trajectories & BO populations
v v
2. BO: Calculate BO state & ~(1)
6. Calculate C; (1
NACVs or NACMEs alculate C; (1)
1 1

3. SH: Determine the running
state (hopping prob.)

- (I
6. Update Ci(1), RO (1), R (¢)

+

1
4. XF: Calculate £ (1) &
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No
CEND)

J. Phys. Chem. Lett., 9, 1097 (2018).




Applications of SHXF

Shin-Metiu model (single crossing)
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Applications of SHXF

Nal pump probe experiments (multiple crossing)

Na* + I

Na +1

Nal femtochemistry
J. Chem. Phys., 91, 7415 (1989).

J. Phys. Chem. Lett., 9, 1097 (2018).



Applications of SHXF

Nal pump probe experiments (multiple crossing)
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Applications of SHXF

CH,NH,*: CASSCF(2,2)/MRCI calculation, 300K, S,~>(Cl)>S,>(Cl)>S,
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(averaged over trajectories or space)



Role of the electron-nuclear correlation (ENC) term

Population change in time
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Phys. Rev. Lett., 115, 073001 (2015).



Role of the electron-nuclear correlation (ENC) term

When we put Gaussian wave packets on surfaces, we obtain
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Role of the electron-nuclear correlation (ENC) term

e.g. 1D 2-state problem
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state 1

> R



Role of the electron-nuclear correlation (ENC) term

e.g. 1D 2-state problem

negative
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Role of the electron-nuclear correlation (ENC) term

e.g. 1D 2-state problem
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Applications of SHXF

Dynamics of PSB3

ol  fast

nunber of hops
=

trans—>trans: fast << slow!
rans—>cis: fast ~ slow

slow: trapped
or slow starter

J. Chem. Theory Comput., 14, 4499 (2018).
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Mol. Phys. 117, 1128 (2019).



Applications of SHXF

molecular rotary motors

unidirectional
rotary motor

quantum yield:
¢~ 0.55-0.68

AE, kcal/mol

AE, keal/mol

J. Phys. Chem. Lett., 9, 4995 (2018). Chem. Comm., 55, 5247 (2019).
In collaboration with Prof. Michael Filatov and Prof. C.H.Choi



Python-based UNIversal eXcited-state Molecular Dynamics

pyUNIXM

D program

Python-based program suite for trajectory-based excited state
molecular dynamics (BOMD, FSSH+a, Ehrenfest, CTMQC, DISH-

XF, ...

UNL ~ xXMD

Interfaced with many quantum chemistry programs as:

COLUMBUS Molpro TeraChem GAMESS

Q-Chem Gaussian DFTB+ Any home-made program

Pubilic (|

nttps://github.com/skmin-lab/unixmd) with MIT license
J. Comp. Chem., 42, 1755-1766 (2021).


https://github.com/skmin-lab/unixmd

Documentation of pyUNIxMD

# PyUNIXMD

211 Docs » PyUNIXMD documentation View page source

PyUNIxMD documentation

1. PyUNIxMD Overview

. Installation This is a documentation page for the Python-based UNIversal eXcited state Molecular Dynamics (PyUNIxMD) program. PyUNIxMD is an object-oriented Python program for molecular dynamics simulations involving
. Workflow multiple electronic states. It is mainly for studying the nonadiabatic dynamics of excited molecules.

. Quick Start
. PyUNIXxMD Objects Contents
. Modules
1. PyUNIXMD Overview
« 2. Installation
. References « 3. Workflow
« 4. Quick Start
5. PyUNIxMD Objects
« 6. Modules
7. PyUNIXMD utility scripts

« 8. References

. PyUNIxMD utility scripts

Next ©

© Copyright 2021, mingroup

Built with Sphinx using a theme provided by Read the Docs.




Available MQC algorithms

Ehrenfest dynamics

Ehrenfest dynamics based on exact factorization

Surface hopping dynamics and its variants

Fewest-switch surface hopping (FSSH) (Original Tully’s version)
Energy-based decoherence correction (EDC)
instanteneous decoherence correction (IDC)

Surface hopping based on exact factorization (SHXF)

Coupled-trajectory MQC (CTMQC)



Structures and Flow of pyUNIXMD

Object-oriented programming — various classes for their own jobs
Main classes : Molecule, QM _calculator, MQC, ...

Molecule — definition of a target system

QM_calculator — definition of quantum chemical methodologies
MQC — definition of mixed quantum classical methods
MM_calculator — definition of MM calculations (optional)

Thermostat — definition of thermostat (Berensden, rescaling, ...) (optional)



Structures and Flow of pyUNIXMD

(1)

output files

MDENERGY,
MOVIE.xyz,
BOPOP
BOCOH
NACME
SHPROB
SHSTATE

*Arrows represent the flow of information



Structures and Flow of pyUNIXMD

‘ « Basic information of about the system
« Geometries, velocities, net charge, the number of state

OM_calculator S, ...
* Molecule object is used for creating MQC & QM__calculator

« Extented XYZ format with geometries and velocities

BOCOH
NACME
Iqut) Ex(t), T (O] L_, ;iiii;égEiﬂ
R, (t+ &) Vy Ei(t)
MM calculator. Molecule

Thermostat

*Arrows represent the flow of information



Structures and Flow of pyUNIXMD

(1)
_ Toiecuie output files

QM_calculator‘

* Provides interfaces to various external (or internal for simpl
e model) QM programs
« CASSCEF in Columbus/Molpro, MRCI in Columbus, TD
DFT in Gaussian 09/Q-Chem, SSR in TeraChem, TDD
FTB & DFTB/SSR in DFTB+, ...
* Depending on the availability of NACVs, the choice of MQ
C is limited.

MM calculatorN Molecula

Thermostat

*Arrows represent the flow of information



Structures and Flow of pyUNIXMD

(1)

ECy— output files
@] ,
OM calculator, OM calculator MDENERGY,
s G MOVIE.xvyz,
MOC — BOPOP

« "get_data” actually carries out the QM calculation based on
Molecule

* One can add any interface with a new QM program by mak
ing a proper “get_data” under QM _calculator

» Also, provides NACMEs from CIS coefficients for TDDFT

(B) calculations from Gaussian and DFTB+

- MM calculator

Thermostat

*Arrows represent t



Structures and Flow of pyUNIXMD

(1)
_ Toiecuie output files

(2) |
OM ealculatoer

« Central class of pyUNIXMD which defines and runs NAMD
simulations
« BOMD for Born-Oppenheimer dynamics, SH for FSSH
and its derivatives (EDC, IDC, ...), SHXF for SHXF, CT
for CTMQC
« Requires a geometry object (molecule), # of time steps (ns
teps), a nuclear time step size (dt), the initial electronic stat
e (istate), how to rescale after hops, ...
« MQC.’run” — execution of MQC with QM calculations at ea
ch time, all the dirty jobs (see the next slide)

4

MM calculator.
Thermostat

*Arrows represent the flow of information



In the MQC.run method, the following process is repeated until
the dynamics reaches the maximum time step (nsteps): (a) The molecu-
lar geometry is transferred to the QM_calculator object. (b) QM calcu-
lation is executed, and the calculated properties are stored to the
Molecule object. (c) Using the properties, the run method updates the
atomic positions and the electronic properties according to the
selected MQC algorithm. (d) If Thermostat object exists, the velocities
are adjusted according to the thermostat. (e) Finally, the run method
writes the information about the trajectory. PyUNIXMD writes the
following output files during a simulation depending on the type of
MQC algorithm: RESTART.bin, MDENERGY, BOPOP, BOCOH, NACME,
MOVIE.xyz, SHPROB, and SHSTATE contain dynamics information at
the last successful step, energies, BO populations, BO coherence,
NACMEs, the nuclear trajectory, hopping probabilities, and the run-
ning state, respectively (Figure 2).

FIGURE 2 Afile tree generated by PyUNIxMD. PyUNIXMD
generates directories for MD outputs, logs from QM and MM
calculations. The MD outputs vary according to the MQC method.
The blue and light green boxes represent directories and files,
respectively. The purple boxes distinguish output files that vary
according to the MQC method



A sample input of pyUNIXMD

O 00 J o 0O b W DD

N = e = T = T = S S S R o
O W J o U W N P O

from molecule import Molecule
import gm, mgc, thermostat
# Initial geometry/velocity with extended XYZ format
geom = """
NUMBER OF ATOMS
comment line
o -2.8349 ~1.2124 ~0.2922 -0.00050 -0.0003 0.0000

mwwnw

# (1) Molecule object for the target system with the above initial condition
mol = Molecule(geometry=geom, nstates=..., charge=...)

# (2) QM program/method interface for on-the-fly calculations

bo = gm.QM PROG.QM METHOD(molecule=mol, ...)

# (optional) Thermostat definition

bathT = thermostat.THERMO TYPE(temperature=...,)

# (3) MD type and condtion specification

md = mgc.MD TYPE(molecule=mol, thermostat=bathT, nsteps=..., istate=...)

# (4) Execute simulation with the dynamics condition defined in the above.
md. run (gm=bo)



Flow of ESMD simulations with pyUNIXMD

Boltzmann Bond length
BOMD simulations Bond angle
RI( Dihedral angle

Wigner EI ( BO population
: CiI ( Coherence
— NACME




Interfacing with any other QC program

Class Additional_QC(QM_calculator):

__init__ Define self variables
get_data Pass energies, forces, and NACVs to molecule
get_input Create input file for on-the-fly calculation
run_QM Perform on-the-fly calculation

extract QM Extract energies, forces, and NACVs

Fig. 3 A structure of additional class to the interface code with quantum chemistry program packages



Additional algorithms & improvements

Ehrenfest dynamics + exact factorization (EhXF)

Fu(t) - - Z Pll(t)qul - Z Pml <t> (El - Em) dml,u
l Lm

= pu(t) pmm (1) [Z y/(/t) (Em o (1) — fl,u’(t))] £1,.(t)
I,m v’ v

more accurate description to the exact potential energy surface

DISH-XF
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histogram —8—
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0.2

0



Time-dependent width of Gaussian to describe quantum momentum properly

Additional algorithms & improvements

O-EOM, P-phase

0O-EOM, E-phase
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J. Chem. Phys., 156, 174109 (2022)
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Failure of current approaches

Dynamics with wider nuclear wave packets...
-> Stueckelberg oscillation in double-arch geometry

0-EOM, P-phase O-EOM, E-phase
0O-EOM, P-phase O-EOM, E-phase
0.15 | EhXF-FG mmmm EhXF-FG mmmm
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Orbital-based MQC dynamics

Toward material calculations

For a large-scale system, it is extremely difficult to calculate many-body electronic states

Instead of many-body states, we employ the concept of orbitals to simulate MQC dynamics

However, the previous equations for electron-nuclear correlation should be represented in
terms of orbitals - NOT straightforward

NAMD dynamics with DFT frameworks - 4
+Decoherence corrections based on the exact factorization ‘l.

D.H. Han

(UNIST)

To be submitted



Issues on the current version

Non-Hermitian propagator?

L d ~
th— PR™ 1) (r,t) =Hpo(r; R (1) PR (1 (L, 1)
= Vulx]
-+ 1h Z ‘U ‘ . (A,(/I)(I)E(I) (t) (£, t) + ’ihqu)ﬂ([) (t) (£, t))
v X RO (t) o o
Non-Hermitian...
d
However, the norm is conserving... — / dr|Pg(r,t)> =0

We may find an alternative Hermitian Hamiltonian which provides the same dynamical properties...

d 1 [~ 7 T2
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7P h[ | +AT, 0} P == |1,/



Issues on the current version

Non-Hermitian propagator?

Crucial for dynamics with solid states (real-time TDDFT scheme)

=» Usual “numerical” time evolution operators only work with Hermitian operators

Finding a Hermitian operator is POSSIBLE with a simple mathematics in this scheme.

d . 7 = . 2 . R
Ep:—ﬁ[]‘[,p} with H=HP 1+ Qo)
N N
A ~ 2 V,|x| e I
where (@) = Z v ' Z [f/gg - fz(,u)}
v=1"Y |X| (1) k=1

(according to BO scheme)

on-going with Quantum-Espresso



Orbital-based ESMD + o

Toward material calculations

C60

Dynamics of electron density coupled to nuclear motion
-> Charge transfer, exciton transfer, polaron dynamics, ...

Energy (eV)

Density of states (DOS) from trajectories



Orbital-based ESMD + o

Toward material calculations

without the decoherance with the decoherance
without the decoherence with the decoherence
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Density-Functional Tight-binding (DFTB) approach

Ensemble density functional theory (eDFT)
[ Spin-Restricted Ensemble Kohn-Sham Method (REKS) ] + DFTB

Efficient electronic structure calculation for accurate excited states!

REKS(2,2) approach vacant  {

| | .
active { . Y . AT 4
I

1
A v A A * llk lll A *
core { .

1 2 3 4 5 6

State-interaction state-averaged REKS microstates

EPPS — 26: CEPSEL
EPPS ASA Qoo Aol E{?SR 0 Qoo Aol LZI
= EOSS — Z CgSSEL
ASA EOSS a1 Al 0 EigSR aip ai L=3
A = (Vg — )€
dynamic electron correlation <> description of Conical Intersections (Cl)

analytic gradients - minimum energy conical intersection (MECI),
excited state molecular dynamics

J. Chem. Theory Comput. 15, 3021-3032 (2019), J. Chem. Phys. 152

, 124101 (2020)



Density-Functional Tight-binding (DFTB) approach

Benchmark

Minimum energy conical intersection (MECI) search
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J. Chem. Theory Comput. 15, 3021-3032 (2019), J. Chem. Phys. 152, 124101 (2020)



Density-Functional Tight-binding (DFTB) approach

Development of more generalized calculations

inclusion of more parameters to describe electron-electron
correlation (e.g. on-site atomic correction)

1.00
MECI, MECI,
A
i %f g g’é j; % § ;:L/I a 0.50
\"
(o,6) = (4.06°,165.8°) (0, 8) = (=3.75°,22.6°) (¢, 8) = (=52.5°,92.6°) (¢,#) = (49.0°,85.8%) 0.00
\ 0.0 1.0 2.0 3.0 4.0 5.0
Time (ps)
froc S1=2>S, population transfer
(¢, 8) : (3.16°,165.9%) (0,8) = ;"_:;,11:.2:;.»1" ) (¢, 8) = (—3.38°,86.4°) (¢.#) = (17.8°,86.1%)
o **Computing time:
Description of correct MECI structures <1min (1 core) vs. 30 min (w/ heavy GPU machine)

(pyramidalization) of Feringa’s molecular motor
J. Chem. Theory Comput., in revision (2022)



Development of excited state molecular dynamics approaches

Dynamics : CTMQC, DISH-XF, EhXF, ...

Coming soon: more interesting features for material calculations

PYUNIXMD program : Public (https://github.com/skmin-lab/unixmd)
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