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ΔSCF for Nonadiabatic Molecular Dynamics (NA-MD) in condensed phase systems

ΔSCF NA-MD with Subsystem Density Embedding (SDE)
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Motivation

NA processes in condensed phase systems

Computationally challenging for all-atom simulations

Density Functional Theory (DFT) based methods

Perturbative – Linear-Response (LR) Time-Dependent 
(TD) DFT

Variational – Delta Self-Consistent Field (ΔSCF)
Perturbative – Real-Time (RT) TD-DFT

Excited uracil in water

Trajectory Surface Hopping (TSH) NA-MD

3
RT-TDDFT in our group: J. Chem. Phys. 194 (2018) 174108; Chem. Phys. 527 (2019) 110464; J. Chem. Phys. 151 (2019) 234110; J. Chem. Theory Comput. 17 (2021) 344



1: ZSH code is available on the E-CAM software repository (www.e-cam2020.eu) 3: J. Chem. Phys. 129 (2008) 164118

Trajectory Surface Hopping (TSH) NA-MD

4: Phys. Rev. A 84 (2011) 0147012: www.cp2k.org
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Tully’s fewest switch surface hopping probability3:
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Landau-Zener hopping probability4:
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Delta Self-Consistent Field (ΔSCF) theory

Direct application of ground state DFT concepts to excited electronic states
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Kohn-Sham (KS) DFT formulation 
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Optimize the electron density to match an excited state electron density

Variety of different ΔSCF density constructions and optimization flavors1
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1: J. Chem. Phys. 120 (2004) 4593; Phys. Rev. B 78 (2008) 075441; J. Phys. Chem. A 112 (2008) 13164; J. Chem. Phys. 134 (2011) 054128; J. Chem. Phys. 139 (2013) 014708; J. Chem. Theory Comput. 16 (2020) 6968
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ΔSCF singlet excited state
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ΔSCF implementation

Restricted KS with integer occupation numbers (2,1,0) ↔ Single-reference singlet excitation

TD-DFT for initial occupation numbers and 
excited state verification

Updating occupation numbers with TD-DFT
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Elaborated SCF convergence procedure
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ΔSCF NA coupling
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Systems - Diimide (N2H2)
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SA-CASSCF(6,4)/TZVP

S1: HOMO (n) → LUMO (π*)

ΔSCF ρS1 − ρS0
cis trans

TD-DFT ρS1 − ρS0
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Systems - Diimide solvated in water

cis-diimide + 27 water molecules in a periodic box (8.987 Å)
trans-diimide + 62 water molecules in a periodic box (11.913 Å)

HdiiOwat

NdiiHwat

NdiiOwat

trans cis

dij [Å]

ρ i
j[
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3 ]

Vertical excitation to S1 state: 4.45 ± 0.14 eV (solvated) vs. 4.46 ± 0.26 eV (vacuum)
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NA-MD
trans-diimide cis-diimide
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cis-diimide S1 lifetimes

cis cis − transtrans 12

Solvated trans-diimide S1 lifetimes appears longer
t [fs]

P i

vacuum: τ1 + t0 = 32 fs; τ2 + t0 = 148 fs; α = 70 %; t0 = 26 fs
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solvated: τ1 + t0 = 37 fs; τ2 + t0 = 226 fs; α = 66 %; t0 = 33 fs

S0 S1 (solvated) S1 (vacuum) S1 (fitted)
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Total electron density partitioned into subsystem electron densities

ΔSCF with Subsystem Density Embedding (SDE)
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1: J. Chem. Theory Comput. 12 (2016) 3214

Subsystem 
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SDE1 generalized to any stationary electronic state density
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Inner shell: 13 H2O
Outer shell: 14 H2O

3 subsystems 
of 9 H2O

9 subsystems 
of 3 H2O

27 subsystems 
of 1 H2O

Inner shell: 8 H2O
Outer shell: 19 H2O

P3 P9

P27 P8/19 P13/14

NE

cis-diimide at the ΔSCF level with SDE
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NE LZ-SH

P9 LZ-SH

P9 LZ-SH (fitted)

NE Tully’s FS-SH

P9 Tully’s FS-SH

P9 Tully’s FS-SH (fitted)

cis-diimide S1 lifetime with SDE
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NE: t0 = 32 fs; τ1 = 4 fs; τ2 = 219 fs; α = 67 %
P9: t0 = 33 fs; τ1 = 4 fs; τ2 = 193 fs; α = 66 %

NE: t0 = 7 fs; τ1 = 74 fs
P9: t0 = 11 fs; τ1 = 63 fs

Landau-Zener:

Tully’s FS:
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Conclusion and Outlook

Use of ΔSCF for description of singlet excited states

ΔSCF applied for NA-MD of condensed phase systems

ΔSCF can be significantly accelerated with SDE methods

Generalized ΔSCF for any excited state multiplicity

Include spin-orbit coupling terms between singlet and triplet states at the ΔSCF level
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Improve optimization algorithms for ΔSCF convergence
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