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Non-adiabatic processes 
Born-Oppenheimer approximation of momentarily clamped 

 nuclei and instantanously adjusting electron states is not valid 

 in many important processes 
  

EXAMPLES: 

-Dynamics of molecules after photon absorption, e.g. 

 isomerization of the visual chromophore 11-cis-retinal 

(modeled by protonated formaldimine CH2NH2
+) 

-Charge injection from a dye molecule into TiO2  in dye- 

sensitized (Grätzel) solar cells 

-Excited state evolution of a protected gold cluster (Ari) 

-Transmission of energetic ions through solids (Ari) 



Ab-initio molecular dynamics 

Quantum mechanical system of nuclei and electrons 
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Consider: electrons generate a potential on which nuclei  move 

 Ab-initio MD with classical nuclei and QM electronic structure 
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Post Hartree-Fock methods 

Born-Oppenheimer approximation 



Towards electron-nucleus dynamics 
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Further 

states electronic coupled fromfar  dynamicsor  dynamics state-Ground 
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Towards classical dynamics of nuclei  (Now we need to write     ) 
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Classical limit of the real part when 
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   PES  on the nucleifor  dynamics Classical             

/ use equation, Jacobi-Hamilton  theofgradient    theTake

   :  nucleus of momentum mechanics,n Hamiltonia
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Born-Oppenheimer (adiabatic) molecular dynamics 
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Towards Ehrenfest dynamics 

Following the derivation of the Born-Oppenheimer dynamics: 

 

-Ehrenfest ansatz for the total wavefunction into the time-dependent 

Schrödinger equation 

-Obtain time evolution equations for electronic and nuclear wavefunctions 

-Transform nuclear wavefunction into a polar form and insert it to the time 

evolution equation for nuclei 

-Take the classical limit Hamilton-Jacobi equation 

-Take the gradient of the HJ equation  a Newton equation of motion for 

nuclei with an average potential 

-Take the classical limit for nuclei in the time evolution equation for 

electron states  electronic time-dependent Schrödinger equation 



Ehrenfest dynamics equations 
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Mixing of electronic states in Ehrenfest dynamics 
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:ansatzEhrenfest in  states electronic adiabaticbetween  constants Coupling
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Mean-field like treatment 



Nuclear dynamics with a mean-field potential 
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Ehrenfest dynamics with  

an atomic-position dependent basis 
Ari Ojanperä et al., J. Chem. Phys. 136, 144103 (2012). 
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Ehrenfest dynamics within the  

Projector Augmented-Wave (PAW) method 
Ari Ojanperä et al., J. Chem. Phys. 136, 144103 (2012). 
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Ehrenfest dynamics within the  

Projector Augmented-Wave (PAW) method 
A. Ojanperä et al., J. Chem. Phys. 136, 144103 (2012). 

Torsional rotation of 

protonated formaldimine 

Rotational excitation energy 

HF + Pulay 

forces 

HF+Pulay+nonadiabatic forces 

See also Tapavicza et al. PRL 98, 023001 (2007)), 

Li et al. JCP 123, 084106 (2005) 



Electron and hole dynamics in dye-sensitized solar cells 

S. Meng and E. Kaxiras, Nano Letters 10, 1238 (2010). 

Dye 

TiO2 

Electrons and holes injected into TiO2 

Separation of the electron and hole 

Effect of dye species, size, binding, surface defects 



Ehrenfest dynamics, Summary 

WORKS WELL when: 

-A single trajectory in the nuclear dynamics is dominant 

-Ultrafast processes and initial stages of an excitation before any  

significant amount of level crossings 

-A large number of similar electronic excitations are involved  

dynamics is governed by an average force (e.g. metals) 

LIMITED when 

-Branching of ionic trajectories or excited states involve multiple paths 

SURFACE HOPPING METHODS 

NOTE ALSO 

-TDDFT implementions rely on the TDDFT excited state description 

 Neëd for benchmarking 

NOTE FURTHER 

-For a time-dependent basis, the energy conserving force contains terms due 

to non-adiabatic couplings  


