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Part 1: Libra Overview



Libra as a workhorse of our developments and applied studies b =
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~ g % é - * Modular, open-source methodology “discovery”/prototyping library for
— NN nonadiabatic and quantum dynamics (NAQD)

* Yet a software for practical simulation of NAQD in large atomistic systems
Akimov JCC, 2016, 37, 1626

Shakiba, M.; Smith, B.; Li, W.; Dutra, M.; Jain, A.; Sun,
X.; Garashchuk, S.; Akimov, A.V. "Libra: A modular

software library for quantum nonadiabatic dynamics” Examples& Tutorials: https://github.com/compchem-cybertraining
Software Impacts 2022, 14, 100445

https://github.com/Quantum-Dynamics-Hub/libra-code

Libra’s vision

e Versatility: encompass a comprehensive set of available methodologies

*  Community-centric: be the platform for various methods developed by the community; we work with
various groups to make their methods available to broader community

* Modularity: easy-to-use methodology building blocks, methodology development

* User-friendliness & Open-source: easy experience, without limitations

* Facilitate “methodology development”: Pythonic implementation and modular approach help create and
test new workflows and methods

* Practical: not only “toy” models, but can handle systems with thousands of atoms


https://github.com/compchem-cybertraining
https://github.com/compchem-cybertraining
https://github.com/compchem-cybertraining
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Versatile: Methods and Algorithms .
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Latest Release Libra v5.12.0. DOI 10.5281/zenodo.19162602

Akimov, A. V. "Fundamentals of Trajectory-Based Methods for Nonadiabatic

Nonadlabatlc dynaml(?Sf Dynamics" Editor(s): Manuel Yaiiez, Russell J. Boyd, Comprehensive

* Exact: finite-difference, DVR (Colbert_Mﬂ]er), SOFT Computational Chemistry (First Edition), Elsevier 2024 Pages 235-272, ISBN
. . . 9780128232569, link Book Chapter in Book: "Comprehensive Computational
« TD-SE and Liouville equation Chemistry”

 Initialization and TD-SE integration: in adiabatic and diabatic rep

» Surface hopping and SH/SE populations: in adiabatic and diabatic rep

* Ehrenfest, FGR, HEOM, QTAG, ETSH/ETSH-3

* TSH methods: FSSH, GFSH, MSSH, BCE, FSSH-2, FSSH-3, MASH, QTSH, AFSSH, MFSD, etc.)

* Exact Factorization (XF) methods: SHXF, XFMF, MQCXF

* Decoherence (mSDM, EDC, ID-A, ID-F, DISH, DISH_rev2023, BCSH, Shenvi-Subotnik-Yang correction,
Zhu correction for QCLE)

* Decoherence times: user-defined, Schwartz, Subotnik, XF, dephasing-informed correction, etc.

* Integrators: LD, NAC-based, rotation-based

» NAC-free methods: LZ, ZN, BLLZ workflow

 State tracking: LD, min-cost, stochastic tracking, F-tracking

* Phase corrections: time-overlap or NAC-based

* Couplings at the KS and TD-DFT levels

* Other: removal of molecular translation/rotation, ML-based methods, TC-NBRA

Models Database: Tully, Holstein, spin-Boson, Eckart barriers, SSY, Henon-Heiles, etc.

Interfaces: CP2K, MOPAC, OpenMolcas, Quantum Espresso, eQE, DFTB+, GAMESS, ErgoSCF, Psi4, ...



https://doi.org/10.1016/B978-0-12-821978-2.00034-9

Model Hamiltonians:
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Versatile: Model Hamiltonians S
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. Tully, J. C. JCP 1990, 93, 1061-1071
Tully models |, 1I, lll, generalized y

Parandekar-Tully Parandekar, P. V.; Tully, J. C. JCP 2005, 122, 094102; Parandekar, P. V.; Tully, J. C. JCTC 2006, 2, 229-235.
Dual Rosen-Zener-Demkov
Dual Landau-Zener-Stuckelberg Sci. Rep. 6, 24198 (2016); J. Xu and L. Wang JCP 150, 164101 (2019)

Renner-Teller
Dumbbell geometry (Subotnik)

Double arch geometry (Subotnik)
Shenvi-Subotnik-Yang Shenvi, N.; Subotnik, J.; Yang, W. JCP 2011, 135, 024101

Linear Vibronic Coupling (LVC) lzmaylov, A. F.; Mendive-Tapia, D.; Bearpark, M. J.; Robb, M. A.; Tully, J. C.; Frisch, M. J. JCP, 2011, 135,
234106; Sun, X.; Geva, E. JCP 2016, 144, 244105

J. E. Subotnik and N. Shenvi JCP 134, 024105 (2011); J. Xu and L. Wang JCP 150, 164101 (2019)

Generalized LVC (eg spin-boson) Runeson, J. E., Manolopoulos, D. E. JCP 2023, 159, 094115; Tempelaar, R., Reichman, D. R. JCP 2018, 148, 102309; Wang, L.,
Prezhdo, O. V. JPCL 2014, 5, 713-719; Jain, A., Alguire, E.; Subotnik, J. E. JCTC 2016, 12, 5256-5268; Bondarenko, A. S.,
Tempelaar, R. JCP 2023, 158, 054117; Mannouch, J. R., Richardson, J. O. JCP 2023, 158, 104111

Morse models Corondao, E. A.; Xing, J.; Miller, W. H. Chem. Phys. Lett. 2001, 349, 521-529

Holstein (many versions) e.g. Qiu, J.; Bai, X.; Wang, L. JPCL 2018, 9, 4319-4325;

Henon-Heiles Sim, E.; Makri, N. JCP 1995, 102, 5616-5625

Esch-Levine (linear crossings) Esch, M. P.; Levine, B. G. JCP 2020, 153, 114104;

Ferretti Ferretti, A.; Granucci, G.; Lami, A.; Persico, M.; Villani, G. JCP 1996, 104, 5517-5527

Granucci-Persico (2 models) _ _ | |
1D and 2D Eck barri M Granucci, G., Persico, M. JCP 2007, 126, 134114, Granucci, G., Persico,
an ckart barrier (Martens) M.; Zoccante, A. JCP 2010, 133, 134111

and more... L. Wang, C.C. Martens, Y. Zheng, JCP 2012, 137, 34113;



Modular and User-friendly: C++/Python Interoperability ....:%..ﬁ
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C++ layer Python layer

Replace: Fully Pythonic /

User-Customized & Library
Python functions

Call by C++ -
libra_py
Prototype and
L‘T:} T Ol -
» libint Pubiic Test (Discover)
Translate code

1 !

Use in C++ codes Use in Python codes
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The first one — Winter 2022:
\ L:%s-%uﬂaig SU‘, !.r.s: ﬂ

https://compchem-cybertraining.github.io/Libra Winter School 2022/

https://compchem-cybertraining.github.io/Libra Summer School 2024/

Libra Winter School on Excited States and Non: N
Materials 2022

1P

| | : Join Slack: https://join.slack.com/t/quantumdynamicshub/shared invite/zt-
it ot g o D B Sisios e mijbhjssx-GGhsbYHxeBMvhmumK j7LA
The second one — Summer 2024:

https://github.com/compchem-cybertraining

~vber

raining

@E{é&f* v Comutational Chemistry CyberTraining

Learning Libra: The dedicated set of tutorials: https://github.com/compchem-cybertraining/Tutorials Libra

This CyberTraining Summer School!

Learning Libra AND theory AND other packages: CyberTraining workshops

e 2023: https://compchem-cybertraining.github.io/Cyber Training Workshop 2023/

* https://github.com/compchem-cybertraining/Cyber Training Workshop2023 course projt
e 2022: https://compchem-cybertraining.github.io/Cyber Training Workshop 2022/

e 2021: https://compchem-cybertraining.github.io/Cyber Training Workshop 2021/

Excited States and Nonadiabatic Dynamics CyberTraining Workshop
2023
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Mohammad Brendan Daeho Han Sophya Amber Xiang Thomas

Shakiba Smith Garashchuk Jain Sun Niehaus

N
~ |

- Taras Khvorost - Matthew Dutra - Ekadashi Pradhan - Michele Dupuis
- Leonardo Araujo - Alva Dillon - Dhara Trivedi - Lili Rassouli

- Joseph Kelly - Miguel Recio Poo - Weili - Xuyan Ma

- Victor Suarez - Qingxin Zhang - Story Temen - Kosar Yasin

- XuechengShao - Kevin Walsh - Rebecca Gieseking - more coming...
- Wenhui Mi - Kosuke Sato - Michele Pavanello

Published March 22, 2026 | Version v5.12.0

Libra

. . .
Akimov, Alexey V.1 ([2); Shakiba, Mohammad' {2); Han, Daeho! 2); Smith, Brendan® 2); Dutra, Matthew? {2); Sato, Kosuke? Several new CO||ab0ratI0nS are OngOIng
Suarez, Victor* &); Temen, Story'& ; Wang, Yuchen®®&, ; Li, Wei® (®; Khvorost, Taras’& ; Yasin, Kosar'& ; Sun, Xiang® b Open for more ...

Balducci, Simone®&, ; Zhang, Qingxin'%, ; Niehaus, Thomas'°®, : Stippell, Elizabeth" &, ; Gerasimov, Igor S.'2

Amber, Jain?



Zenodo statistics

2K

@ VIEWS

Versions

Version v5.9.0
10.5281/zenodo. 15438381

Version v5.8.1
10.5281/zenodo. 14043087

Version v5.8.0
10.5281/zenodo. 13239484

Version v5.7.1
10.5281/zenodo 11640243

Version v5.7.0
10.5281/zenodo 11221400

211

X DOWNLOADS

» Show more details

View all 17 versions

May 16, 2025

Nov 6, 2024

Aug 6, 2024

Jun 13, 2024

May 20, 2024

Some metrics

GitHub statistics

Readme

GPL-3.0, GPL-3.0 licenses found
Code of conduct

Activity

Custom properties

48 stars

11 watching

< OO <+ 328

43 forks

Report repository

Releases 15

> Libra v5.8.0: F-tracking and sim... 'I:Lateﬂ:]'
13 hours ago

+ 14 releases

Packages

Mo packages published
Publish your first package

Contributors 14

£EP6e0.. 8
D8O
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Releases usually accompany our
publications (if new methodologies are
developed or assessed)

2 weeks ago
‘ alexvakimov

© v5.80
- 14a99¢7

Compare ~

May 20
‘ alexvakimov

© v5.7.0
-0- s58cfdee

Compare ~

Mar 15
& olexvakimov

© v5.60
-0 334d449

Compare ~

Nov 26, 2023
‘ alexvakimov

© v5.5.0
-0- ac57c3e

Compare ~

Libra v5.8.0: F-tracking and simplified NAC phase .
correction (=)

The main changes

= The new F-tracking and simplified NAC phase correction are added and tested (the main reason for this release)

Libra v5.7.0 -

The major additions

» the new FSSH-3 methodology is implemented
» the FSSH-2 of Araujo et al. is implemented (with slight changes compared to the published version, but likely this is

what was intended)

+ added Jasper-Truhlar criterion of velocity reversal on frustrated hops

v5.6.0 s

ch

Final version of the XF-based methods (SHXF, MQCXF, and MFXF), coming along with the manuscript submission.

Major implementation was done already in the previous implementations. The present version ensures the consistency of
some underlying transformation.

Libra with TC-NBRA, MASH, FSSH2, revDISH, revised s
TSH and Ehrenfest, phase-corrected exact calculations

1. Structural changes and paradigm changes



Community Use: Some papers that use Libra

RETURN TO ISSUE <PREV ~LETTER  NEXT>

Charge Carrier Dynamics at the Interface of 2D Metal-Organic Frameworks and Hybrid
Perovskites for Solar Energy Harvesting

Robert Stanton and Dhara J. Trivedi*

Y5
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Al

Ab initio quantum dynamics of charge
carriers in graphitic Mwhn nitrida

@ Cite this: Nano Lett. 2023,23,24,11932-11939 Article Views § _ Export n a n os h eets .. r_,—:‘.,'—".r:f:::i:z,;s
Publication Date: December 15, 2023 67 5 s iy VN J ~ -":-.:_‘-.'z_‘.-;-__-—:ﬁ’;_‘f;‘-"%i‘
https://doi-org.gate.lib.buffalo.edu/10.1021/ nv z Perovskite State Population | ZrL3@MAPbHI3 \\RIS/\ S S S
BCS.N?{"Oleﬂ-3C04054 ) . . LEARN ABOU : T=104 +8 fs - Cite as: J. Chem. Phys, 153, 054701 (2020); ht! e ‘-5'.-‘-"; N‘;:-, -
Copyright © 2023 American Chemical Society = . . & "."--\“:'i"-‘-"';;*:' = 5‘:-*
Request reuse (Subssribed) Submitted: 13 April 2020 - Accepted: 11 June CE ARy Ay X X
Sraddha Agrawal, Wei Lin, "*' Oleg V. Prezhdo, et al.
400 : ann Annn = 3
Time [fs]
RETURN TO ISSUE <PREV ~ A:NEW TOOLS AND MET... NEXT >
Convergence of Time-Derivative Nonadiabatic Couplings in Plane-Wave DFT
Angewandte BOCh ‘o Calculations o b
. German
Intermational Edition CHEMiE N7 Chemical Sciey Aiva D, Dilon and Rebecea L. M. Gieseking* 2142 1] Lot i g
(H-2 =L#1) ﬁ‘a-" nf»wl’\_ﬁb!ﬁﬂﬁ'ﬁ‘-“ "."‘“ (23
@ Cite this: J. Phys. Chem. A 2023, 127, 45,9612-9620 Article Views Altmetric Citations Mzl 60 5 H =L}
Research Article & Full Access Publication Date: November 4, 2023 ~ B als = = = H=L+1)
https://dol-org.gate.lib.buffalo.edu/10.1021/ 196 1 L =Len i 3 TN et H=L42]
i i H H ipca.3c04858 (H-1=L#1) WwE T_»n H-1 =L
Insight into the Molecular Mechanism for Enhanced Longevity a0s.Jpea-e _ N LEARN ABOUT THESE METRICS g B H1=Lel)
Copyright © 2023 American Chemical Society [H-1=L) =] o HL=Ls2)
. = [T T b p e =
of Supramolecular Vesicular Photocatalysts Reguest reuse (Subscribed] tHaLe2) ap B | TS Mzl
H=L+1) {H-2=L+1)
Dr. Yannan Liu, Dr. Fulu Zheng, Haojie Dai, Chuanshuang Chen, Yajing Chen, Dr. Haolin Wu, (Hel) =23 H2=142)
. . . A MM.W“N\-AJ
Prof. Chunyang Yu, Prof. Yiyong Mai, Prof. Thomas Frauenheim, Prof. Yongfeng Zhou 24 The Journal of Physical Chemistry C > ASAP > Article w & = - o —24. W"l ) ) ‘
e am At nan e rra: e e ac annmr (Subseribed) ot swre wmpo bpwd B T T T FF T TG ¢ e 2000
P pttazan Ao o e e L L ibinalion T 202302126 | 3l time step
C %" -2 8) 1.00 4 C: ENERGY CONVERSION AND STORAGE | August 9,2024 z = I oo = ,: ':
R~ 5 . . . z % . . = = = £
S : ; —_— Excitons in Hematite Fe,03: Short-Time Dynamics from TD-DFT and Non-Adiabatic
(¥ e T s g Dynamics Theories
g P O = I o . ta, and NEc - i
) . g :I: § 0.96 Lili Rassouli, Mohammad Shakiba, Alexey V. Akimov, Xuyan Ma, and Michel Dupuis’ . 5 "°'°"°“°"cm,'h'm
=-21b == o o %
2 e = 5 ! 4 S
2 [ — uomo T s w094 L Open PDF © Supporting Information (1) &5 l =
i e B Lumo__| o === monomer DMD & umo/Noms
i e i ) [r 200 0.92 4 === dimer Recombination dynamics using mSDM Recombination dynamics using ID-A W ExC.1. . Homo
E ] 150 T T T T T T I 1 o
00 200 300 400 50 -9 - . 2 " M ~
1 o o 400 500 9]3\ Howgﬂm m? 0 1000 21n_io;e ??;}o 4000 5000 0.006 | Recombination time: 12782244 ps ,_I 0035, Recombination time: 1734221 ps e, . -
| <2 510 | . Tiae L
B | e =L | 39 “hot” electron relaxation 0,005 { _|"_I = 0.0030 | Exc3 - g .
I P ¥l et W ., | ; I S .
32 pw hntehied) 0 L . i TG | _‘_H o.0025 | EXC.5 N -
q. | ! . 5 e 1) i £ 0.0041 g -=
w207 i M g = g4 A . === dimer = | =
IR i 2 o L} s = | £0.0020
1, kA R i 8 (- & s A\ S 3 0.003 |
] 5 10 = i e T 2 Foonis|
Z % S X b 0,002 {
? 20 a N, | 0.0010 |
o0z W 00014 |
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0.0004 0.0000 1
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: ‘ I i Libra-X (with Drs. Ryoji Asahi,
PYAQ | ﬁ é__ Kosuke Sato, Ekadashi Pradhan)
/1f_\
Sato, Pradhan, Asahi, Akimov PCCP 2018, 20,

Akimov, Prezhdo, JCTC, 2013, 9, 4959. Akimov JCC, 2016, 37, 1626 25275
Akimov, Prezhdo, JCTC, 2014, 10, 789 Pradhan, Sato, Akimov J. Phys.: Condens.

Classical MD

DVR - i Matter, 2018, 30, 484002
- Ehrenfest & TSH Back-reaction
Rigid body MD .
2 ' : FS%H;GFSHIMS‘:;‘— 14'Tra.nsm!ssm.n on the ground state — ° 5::1:?_ hd Inte rfa Ces Wlth GAM ESS, QE
i Nl 15 « Added back-reaction for QE
‘” 7] for K * More modularization
§02 F fv; \ % 0.4 | 2 .

o

© 1250 250: 3750 s000 0 5 10 15 20 25 30 35 40 45 50

4 L

g i

2 e e i

O Y SR

: v“’.u 200 400 6 800 100

J ‘ time, ts
Time, a.u. 20 15 10 5 0 5 10 1_5 éﬂ * )
Po Coordinate, a.u ;
* Modularization and é@ |::> jﬁ'
pers—

* Simplectic integrators for Simplectic integrators for

classical DOFs DSE revision
* Thermostats ¥5HS Ehrenfest, stand-al * DVR methods
2 v, ENTeniest, stand-aione +  Semiempirical Pyxaid2 (with Prof. Wei Li)
* Barostats scripts e
«  Force fields Decoh thod Hamiltonians
e« ANN eConerence methods * Molecular integrals Li, Zhou, Prezhdo, Akimov ACS Energy
. . ¢ MOdel prObIemS ° Decoherence Lett, 2018, 3, 2159
* Chemical object  Added HF and EHT to LCCCS
. , methods, TSH . :
representation * Interface with VASP, then QE * SOC, multiple k-points, etc.
2007-2011 2011-2015 2015/2016 2018

(LCCCS) (Pyxaid) (Libra) (Pyxaid2, Libra-X)



Momentum, a.u.

Libra History Gh
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, Ly ) HEOM Many-body (TD-DFT) NA-MD
Phase correction for NACs Bastida’s Boltzmann . Lin. Aoy I, J
' corrected Ehrenfest emen, Jain, Akimov Int. J. Quant. Smith, B.; Shakiba, M.; AVA JCTC 2021, 17, 678
Akimov JPCL 2018 9, 6096-6102 , Chem., 2020, 120, e26373 Smith, B.; Shakiba, M.; AVA JPCL 2021’ 12’ 2444
m S D M ‘ Density matrix evolution
Population Dynamics . FSSH, Single-particle e Lo FSSH. Many-body .
Ao N~ Smith; Akimov JCP 2019, 151, 124107 \ R e
S EO-“ 1100 fs 04 2: -
1 7 & T . o Iﬁ 0:0 0:0
o —— Consistent Phases g DISH 101 Time; s e
. . | — Inconsistent Phases B emmeemeemee=" .

2 s ety Revised DISH, new workflows

n- %3 B uxux\auu,-'-ﬂﬂuﬁl

5 Akimov JCP 2021;-155,134106

» T L i P S

m.‘_m e s To_ 5 2o o Mg vy Y ) 3 3 C “.,.m ) °°. o

. . 0 A "'. ' me. fs (w0 fel 2 % ' “

Entangled trajectories : e . ﬁg@%

i I Ti f:
Smith, Akimov JCP 2018, 148, 144106 ime (fs) Belyaev-Lebedev LZ method " . .
. Smith, B.; Akimov, A. V JPCL 2020, 11, Machine Learning revised.
o 1456-1465 e — D"\{J.ka.apﬁ?roac'"

1
0
-1
2

3 2 -1 1] 1 2 3
DOF 1 (au), t=0(au) DOF 1 (a.u), t= 1160 (a.u)

2018 2019 2020 2021
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NA-MD with xTB — applications to large systems The State University of New York
Also: effect of spin-adaptation Generalized Local-Diabatization . i
Shakiba, M.; Stippel, E.; Li, W.; Akimov, A. V. JCTC 2022 18, 5157 approach is adopted. New
integrators. Liouville’s formalism a5 .-

]CTC”‘“"“‘ X, ¥y S U Shakiba, M.; Akimov, AV. TCA 2023 142,68 N A
. S - ?':z?%x o ; L e ) ¢ 4 Ab \
% " I} = (10} 1)) don (6 = (o) 1 |2 1) = o] 1)
o QTAG added WC+80) = D0 -0 = e+ a0 e +20) = (| )
SimngHuz LE’Z
3-5('1')“‘ :: Dutra, M; Garshchuk, S.; Akimov, A. 1JQC 2023. 123, e27078
& KShatins B T _
Shakiba, M.; Smith, B.; Li, W.; Dutra, M.; Jain, A.; Sun, X.; o TC-NBRA workflow
Garashchuk, S.; Akimov, A.V. Software Impacts 2022 14, 100445 Akimov, AV.JPCL 2023 14, 11673
https://codeocean.com/capsule/4727375/tree/vl NA-MD with xTB: dependence of NBRA
S = rates on carrier concentration %@
m Volume 14, December 2022, 100445 g:

TC-NBRA

Shakiba,,M.; Akimov, AV. JPCC 2023 127, 9083

Original software publication

Thermostat

Libra: A modular software library for £ 5
quantum nonadiabatic dynamics® p= £
o
Mohammad Shakiba ?, Brendan Smith ?, Wei Li *, Matthew Dutra ¢, Amber Jain ¢, ®
Xiang Sun ® 9, Sophya Garashchuk ©, Alexey Akimov * ©, = @ < Hop i — j: ef&n - effm + Eje+a0) — Ejgesan
K=}
Show more ~ E
o Thermostat: ey, — €k, exp(—2§;At)
+ AddtoMendeley «2 Share 3= Cite 5
hitps:/idol.org/10.1016/.simpa.2022.100445 A Get rights and content 21 2x2 3x3 4x4 5x5 6x6 8x8 10x10 NAC renormalize: NACS’,;T - NAC:,:’. ’ezn/eﬁz
Under a Creative Commons license 7 ® open access C3N4 Mono‘ayer size

2022 2023


https://codeocean.com/capsule/4727375/tree/v1
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Theory of ma ny methods available Akimov, A. V. "Fundamentals of Trajectory-Based Methods for Nonadiabatic Dynamics" Editor(s): Manuel Yafiez, Russell J. Boyd,
(and VEt to be added) in Libra: .Comprehlel?nswe Compu?at/onal Chem'/stry (First E.d/t/o'rl7), Elsevier 2024 Pages 235-272, ISBN 9780128232569, link Book Chapter
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Part 3: Theory of Nonadiabatic Molecular
Dynamics and Trajectory Surface Hopping
(TSH)



Born-Oppenheimer Approximation 95
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H#Rt)=TR) + H,,(#,R,t) + V(R 1)

H(# R)¥,(r,R) = E,¥,(T,R)

/ \ Includes el-el and el-nucl interactions

This is an electron-nuclear (vibronic) Hamiltonian This is an electron-nuclear (vibronic) wavefunction

Born-Oppenheimer approximation: a general time-scale separation approximation = there are fast and slow
degrees of freedom, in general. Enables factorization X(fast, slow) =~ x(slow)y(fast; slow)
the adiabatic approximation applied to electrons and nuclei

* Nuclei are heavier than electrons, so nuclei are seeing by electrons as static entities
* Electrons move in the field created by immobile nuclei and themselves
Myyuct > Merec, SO treat nuclei classically, and electrons — quantum-mechanically

‘ H(# R)¥,(r,R) = E,¥,(T,R) ‘

\ BO approximation

Coordinates of nuclei are the dynamical variables
Energy - is a number

H\(?; R(t)) n(r; R) = En(R)Lpn(r; R(t))

Coordinates of nuclei are parameters
Energy —is a function of these parameters: potential
energy surface




Adiabatic Approximation. Adiabatic and Nonadiabatic Dynamics Y5
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_0¥(t,r,R)
in
ot

(e, R) = ) it R RE©)

= H(t,#, R¥(t, 1, R)

Except for in the exact factorization ansatz!

AN
Adiabatic approximation: keep only one term

1 term is sufficient Need more than 1 state

Adiabatic Dynamics Non-Adiabatic Dynamics

Where is the BO
approximation?

Energy

Reaction coordinate




When NA dynamics is needed: Failure of the
Born-Oppenheimer Approximation

* light atoms (e.g. H— quantum nuclear effects)
Epin > |Ei _ Ej| v = B * high-energy (momentum) — e.g. colliding particles
m

Y5
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» degeneracies of quantum states (bond-breaking, plasmas, metals)

BO approximation is fine,

BO approximation is fine, adiabatic regime

adiabatic regime

BO approximation breaks down here, non-adiabatic regime



Terminology: Adiabatic and Diabatic States 95

Adiabatic

* unique

* eigenstates of molecular Hamiltonian:
* not always chemically-intuitive

University at Buffalo
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(Quasi-)Diabatic

* non-unique, infinite # of possibilities
Is not an eigenstate of molecular Hamiltonian
usually chosen to be chemically-intuitive

Adiabatic (Hamiltonian is diagonal): Diabatic (NACs are exactly zero):
(Waaii|Het|Waai ) = 0,¥i # j (Yaiai|Vr|¥aia;) = 0,VR
U === Adiabatic

== Diabatic

|a) Na™+Cl

|b) Na+Cl

R., RY R

https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Book%3A_Time_Dependent_Quantum_Mechanics_and_Spectroscopy_(Tokmakoff)/06%3A_Adiabatic_Approximation/6.03%3A_Diabatic_and_Adiabatic_St

ates
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Example 2: BO with wavepacket-
dressed trajectories

Example 1: BO with quantum nuclei

o¥(t,r, R _ ., 0¥Y(t, 1, R) =
in I 2 ) _ Bt R R R) W = H R R T, R)
Y(t,r,R) = Z xi(t, R)®;(r; R) Y(t,r R) = Z)a(t, R)®;(r; R(1))
[ [

Diagonal BO correction to the PES!

In the adiabatic basis
(ZPE of electrons)

0 .
th=Xi = |7+ E;(R(®))]x; |

ija Ma

1 = [T+ E(R ®;|T|® 0y p@ Peti NG
e = [+ E(R®) + {@ulPle] —in ) 0§55 = > —opif s,
ja

JFL,a

lj,a

p — (CI)i||7aCI>j) first-order nonadiabatic couplings (NAC) - vector <q)_| J |¢.> _ Z<¢.| 0
i jl = ‘{OR,

OR P
e )5 = 2 Pl
Describes how a nuclear DOF a couples electronic state i and j T T a

This is what determines the rates of nonadiabaatic transitions. ) )
This terms appears because @ is an

(2) _ 2
Diia = <®i|‘7a cDj) second-order NAC - scalar implicit function of time, via R(t)

lj,a



Classical Path Approximation Y5
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Example 3: BO with trajectories

_0¥(t,m;R(t))
ih
ot

= H(t,7; R(t))¥Y(t,1; R(t))

Quantum Nuclei:
Y(t,r;R(t)) = Z ¢;(£)P;(r; R(D)) Wavepackets

l

/

9]
ihaci = Ei(R(t))Ci - lhz
J

Classical Trajectories
c;(t) — state amplitudes (electronic coordinates)

: P ;
R, (t) = M_a P,(t) = Fqy,

a

{R, P} - nuclear coordinates and momenta
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   H ^ (  𝒓 ^ ,  𝑹 ^ , t ) =  T ^ (  𝑹 ^ ) +    H ^  e l (  𝒓 ^ ,  𝑹 ^ , t ) +    V ^  n n (  𝑹 ^ ,   t )


   H ^  (   𝒓 ^ ,  𝑹 ^ )  Ψ n  (  𝒓 , 𝑹 ) =  E n  Ψ n  (  𝒓 , 𝑹 )


  𝑿  (  𝒇 𝒂 𝒔 𝒕 ,   𝒔 𝒍 𝒐 𝒘 ) ≈ 𝒙  (  𝒔 𝒍 𝒐 𝒘 ) 𝒚  (  𝒇 𝒂 𝒔 𝒕 ; 𝒔 𝒍 𝒐 𝒘 )


   m  n u c l ≫  m  e l e c


   H ^  (   𝒓 ^ ,  𝑹 ^ )  Ψ n  (  𝒓 , 𝑹 ) =  E n  Ψ n  (  𝒓 , 𝑹 )


   H ^  (   𝒓 ^ ; 𝑹 ( t ) )  Ψ n  (  𝒓 ; 𝑹 ) =  E n ( 𝑹 )  Ψ n  (  𝒓 ; 𝑹 ( t ) )


  i ℏ   𝜕 Ψ ( t , 𝒓 , 𝑹 )  𝜕 t =   H ( t ,  𝒓 ^ ,  𝑹 ^ ) Ψ  (  t ,   𝒓 , 𝑹 )


  Ψ  (  t , 𝒓 , 𝑹 ) =  ∑ i   𝜒 i  (  t , 𝑹 )  Φ i ( 𝐫 ; 𝐑  ( t ) )


  v =  p m


   E  k i n ≫  |   E i −  E j |


   ⟨   𝜓  a d i ,   i |     H ^  e l |   𝜓  a d i , j ⟩ = 0 ,   ∀ i ≠ j


   ⟨   𝜓  d i a , i |   ∇ 𝑹 |   𝜓  d i a , j ⟩ = 0 ,   ∀ 𝑹


  i ℏ   𝜕 Ψ ( t , 𝒓 , 𝑹 )  𝜕 t =   H ( t ,  𝒓 ^ ,  𝑹 ^ ) Ψ  (  t ,   𝒓 , 𝑹 )


  Ψ  (  t , 𝒓 , 𝑹 ) =  ∑ i   𝜒 i  (  t , 𝑹 )  Φ i ( 𝐫 ; 𝐑 )


  i ℏ   𝜕 Ψ ( t , 𝒓 , 𝑹 )  𝜕 t =   H ( t ,  𝒓 ^ ,  𝑹 ^ ) Ψ  (  t ,   𝒓 , 𝑹 )


  Ψ  (  t , 𝒓 , 𝑹 ) =  ∑ i   𝜒 i  (  t , 𝑹 )  Φ i ( 𝐫 ; 𝐑 ( 𝒕 ) )


   D  i j , 𝛼  ( 1 ) =  ⟨   Φ i |     𝛻 𝛼 Φ j ⟩


  i ℏ  𝜕  𝜕 t  𝜒 i =  [   T ^ +  E i  (  𝑹  ( t ) ) +  ⟨   Φ i |   T ^ |   Φ i ⟩ ]  𝜒 i − i ℏ  ∑  j , 𝛼   D  i j , 𝛼  ( 1 )      p ^ 𝛼  𝜒 j   M 𝛼 −  ∑  j ≠ i , 𝛼     ℏ 2  2  M 𝛼  D  i j , 𝛼  ( 2 )  𝜒 j


   D  i j , 𝛼  ( 2 ) =  ⟨   Φ i |     𝛻 𝛼 2 Φ j ⟩


  𝛼


  i


  j


  i ℏ  𝜕  𝜕 t  𝜒 i =  [   T ^ +  E i  (  𝑹  ( t ) ) ]  𝜒 i − i ℏ  ∑ j   ⟨   Φ i |   𝜕  𝜕 t |   Φ j ⟩  𝜒 j


   ⟨   Φ i |   𝜕  𝜕 t |   Φ j ⟩ =  ∑  j , 𝛼   ⟨   Φ i |   𝜕  𝜕  𝑹 𝛼 |   Φ j ⟩   𝜕  𝑹 𝛼  𝜕 t =  ∑  j , 𝛼   D  i j , 𝛼  ( 1 )    𝑷 𝛼   M 𝛼


  Φ


  𝑹 ( t )


  i ℏ   𝜕 Ψ ( t , 𝒓 ; 𝑹 ( t ) )  𝜕 t =   H ( t ,  𝒓 ^ ; 𝑹 ( t ) ) Ψ  (  t ,   𝒓 ; 𝑹 ( t ) )


  Ψ  (  t , 𝒓 ; 𝑹 ( t ) ) =  ∑ i   c i  ( t )  Φ i ( 𝒓 ; 𝐑 ( 𝒕 ) )


  i ℏ  𝜕  𝜕 t  c i =  E i  (  𝑹  ( t ) )  c i − i ℏ  ∑ j   ⟨   Φ i |   𝜕  𝜕 t |   Φ j ⟩  c j


   c i ( t )


     𝑹 . 𝛼  ( t ) =    𝑷 𝛼   M 𝛼


     𝑷 . 𝛼  ( t ) =  𝑭  𝛼 , i


   {  𝑹 , 𝑷 }

