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1. Final Report 

 

In this project, we developed theoretical methods aimed at modeling the nonadiabatic 

dynamics of molecules in dense manifolds of electronic states, with an eye toward modeling 

processes involving ionization that are of interest to AFOSR (e.g. endothermic dissociative 

recombination). In particular, we have developed two distinct methods: 

 

1) We developed a time-dependent multireference configuration interaction singles (TD-MRCIS) 

method to model the electronic dynamics of systems during ionization. 

 

2) We developed the Ehrenfest molecular dynamics with collapse to a block (TAB) method for 

modeling molecular dynamics on many electronic states. 

 

Together, these new simulation methods will enable modeling the dynamics of systems with 

dense manifolds of electronic states, including those undergoing ionization, with greater 

accuracy than previously possible. During this project, we published three papers describing our 

work, including an Editors’ Choice paper in the Journal of Chemical Physics.1-3 

 

1.1. Development of TD-MRCIS 

 

A precursor to the proposed TD-MRCIS code is a fast, GPU-accelerated time-dependent 

complete active space configuration intersection (TD-CASCI) code. In the initial stage of this 

project, we completed, tested, and published results from this code.   The performance of our 

code is excellent. We can perform a 100 fs TD-CASCI calculation of decacene (C42H24), 

correlating 12-electrons in 12-orbitals (12/12), employing the 6-31G* basis, and using a 1 

attosecond time step, in 20.1 hrs on a single NVidia K40 GPU. This is an unprecedentedly large 

calculation that can now be performed on routine desktop computer resources in less than a day.3 

 

In addition, we have added 

single excitations to our TD- 

CASCI code, yielding a functioning 

TD-MRCIS code. In addition, this 

code has been optimized to run 

efficiently on GPU. Performance is 

excellent.   Times for computation 

of   a   single   σ  Hc product   are 

shown in Figure 1 for pentacene 

(C22H14) and decacene, using active 

spaces ranging from (4/4) on the 

left to (10/10) on the right.    A 

single σ  Hc product corresponds 

to the time to perform half a time 

step in our TD-MRCIS algorithm. 

Even pentacene with an 8/8 active 

space plus single excitations to the 

virtual space can be simulated for 

 
Figure 1. Times for a single MRCIS σ  Hc build 

operation as a function of configuration space size, as 

described in the main text. A 6-31G* basis was used, and all 

virtual orbitals are included 
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100 fs in approximately one week on a single GPU. 

 

We have extended the MRCIS algorithm to enable modeling ionization by adding 

complex absorbing potential (CAP). A CAP is a complex potential that is zero in the immediate 

vicinity of the molecule of interested, but is finite and imaginary in some surrounding region. 

Because it is non-Hermitian, the CAP annihilates population that reaches it, preventing the 

electron from leaving the immediate vicinity of the molecule. This widely used scheme enables 

us to model ionization processes (such as those involved in Sm + O → SmO+ + e-). Our CAP 

code has been thoroughly tested and is ready for use. 
 

We have tested the 

code in two contexts. We 

have used the TD-MRCIS 

code to model dynamics of 

molecules interacting with 

light. In addition to 

allowing ionization (when 

combined with a CAP and 

a large, molecule-centered 

basis), TD-MRCIS 

incorporates  state- 

dependent  orbital 

relaxation to first order. 

Thus, we expect it to 

provide a more accurate 

treatment of dynamics than 

TD-CASCI methods. 

Figure 2 shows a 

computed spectrum of Ag4, 

 

 
 

Figure 2. Electronic absorption spectrum of linear Ag4 

computed at the MRCIS level, with the field polarized along 

the linear axis of the molcule. The results of time- 

independent calculations (regardless of polarization) are 

shown by vertical dashed lines. 

with the lowest peaks in excellent agreement with time-independent calculations. In addition, 

utilizing the σ  Hc code described above, we have been testing the ability of MRCIS to treat 

high excitations in a time-independent context. Combined with efficient geometry optimization 

schemes, we have identified pathways for Auger recombination in a small silicon clusters. Here, 

the singly-external determinants of the MRCIS ansatz enable the description of high-lying single 

excitations essential to the process. 

 

1.2. Development of Nonadiabatic Molecular Dynamics Method for Many Electronic States 

 

As mentioned above, our goal is to develop a nonadiabatic molecular dynamics method 

that, unlike existing methods, accurately incorporates decoherence effects without complete 

knowledge of the electronic eigenspectrum. This enables more accurate modeling of 

nonadiabatic dynamics in dense manifolds of states than is currently possible. Our work in this 

direction focused on three related goals: 

a) Defining and testing a stochastic procedure for modeling decoherence as a sudden change 

in the electronic wave function (that is, as a wave function collapse). 

b) Defining and testing the decoherence time to be used in this procedure. 
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c) Defining and testing a scheme for approximating the electronic eigenspectrum from time- 

dependent wave function data (to be obtained by TD-MRCIS). 

In our original plan, we intended to utilize existing definitions from the literature for a) and b). 

However, during the first year of support we carefully tested these definitions and found that 

they behave pathologically in some cases. In response, we have developed more promising 

strategies. 

 

We found that the most widely employed stochastic procedures for collapse of the 

Ehrenfest wave function (here collectively referred to as “collapse to a state” or TAS methods), 

which are based on the collapse of the entire wave function into a single eigenstate, exhibits 

pathological behavior when applied to systems where more than two electronic states are 

populated.2 Specifically, they incorrectly predict fast 

decoherence between pairs of parallel states (which 

should, in principle, remain coherent forever) when a 

third non-parallel state is populated. In reality, the rate 

of decoherence between any pair of parallel states 

should be independent of the existence of additional 

states. To correct this systematic and qualitative error, 

we devised a solution which we called independent 

pairwise stochastic collapse (IPSD).2 In this procedure, 

the electronic wave function collapses to a carefully 

defined linear combination of eigenstates rather than a 

single eigenstate. 

 

In order to thoroughly test IPSD, we first 

developed a series of one-dimensional models.2 These 

models mimic dynamics on states with three or more 

differently sloped PESs. These models have usefulness 

outside of our own tests, as many methods (including 

trajectory surface hopping and decoherence-corrected 

Ehrenfest methods) share the flaws of CAS and IPSD, 

to varying degrees. 

 

Upon application to this series of models, IPSD 

was found to be deficient.2 Specifically, in cases 

involving dynamics on several electronic states with 

very different potential energy surfaces (pertinent to 

ionization), the pairwise collapse approach resulted in a 

pathological overestimation of some decoherence rates. 
 

In response, we developed a new method we 

call Ehrenfest dynamics with collapse to a block (TAB), 

which is inspired by the same ideas as pairwise collapse, 

but more thoughtfully constructed. TAB correctly 

describes the loss of coherence following a 

nonadiabatic transition between electronic states. This 

 

 
Figure 3. Time dependent 

coherences (colored lines) 

compared to reference exact decays 

(black). 
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can be seen in Figure 3, which 

presents the state pairwise 

coherences as a function of time for a 

simple model of non-parallel PESs. 

 

Having identified a 

decoherence-corrected Ehrenfest 

molecular dynamics scheme that 

accurately describes coherence loss 

in systems with more than two 

electronic states, we turned our 

attention to adapting this method to 

operate on many electronic states, 

where we define “many electronic 

states” to mean “more states than we 

can reasonably compute PESs for at 

every time step.” To this end, we 

employ the history of our time- 

dependent electronic wave function 

to build a restricted basis in which to 

compute approximate electronic 

 

 

Figure 4. The convergence of transmission 

probabilities of TAB-DMS simulations to the exact 

TAB limit, as a function of number of approximate 

eigenstates. Panels a-d correspond to four different 

models, described in ref 1. 

eigenstates. Our basis spans a Krylov-like subspace created by operating the Hamiltonian on the 

present wavefunction. As such, it provides a reasonably efficient description of the occupied 

electronic states.1 

 

We have shown the resulting method (TAB in dense manifolds of states, or TAB-DMS) 

to provide an accurate description of the transmission of population through one or more dense 

bands of parallel PESs in a series of one-dimensional models.1 This approach is systematically 

improvable to the exact TAB limit by increasing the number of exact eigenstates.   Figure 4 

shows that, for a series of models with differing densities of states, the transmission probabilities 

converge rapidly with increasing number of approximate eigenstates. 

 

1.3. Impact 

 

The above reflects several important steps towards the efficient and accurate first 

principles simulation of the nonadiabatic dynamics of molecules in dense manifolds of electronic 

states. Specifically, we have: 

a) developed an efficient algorithm for propagating CI wave functions in large configuration 

spaces using a direct CI strategy, 

b) developed the TAB method, which (to the best of our knowledge) is the first nonadiabatic 

molecular dynamics method that provides a proper treatment of the state pairwise coherences 

between populations on more than two electronic states, and 

c) developed the TAB-DMS method, an extension to TAB that can accurately describe 

nonadiabatic molecular dynamics in systems where the sheer number of electronic states renders 

the calculation of all PESs at all points in time impossible. 
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