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ABSTRACT: We present a wave packet propagation-based
method to study the electron dynamics in molecular species in
the gas phase and adsorbed on metal surfaces. It is a very general
method that can be employed to any system where the electron
dynamics is dominated by an active electron and the coupling
between the discrete and continuum electronic states is of
importance. As an example, one can consider resonant
molecule−surface electron transfer or molecular photoionization.
Our approach is based on a computational strategy allowing
incorporating ab initio inputs from quantum chemistry methods,
such as density functional theory, Hartree−Fock, and coupled
cluster. Thus, the electronic structure of the molecule is fully taken
into account. The electron wave function is represented on a three-dimensional grid in spatial coordinates, and its temporal
evolution is obtained from the solution of the time-dependent Schrödinger equation. We illustrate our method with an example of
the electron dynamics of anionic states localized on organic molecules adsorbed on metal surfaces. In particular, we study resonant
charge transfer from the π* orbitals of three vinyl derivatives (acrylamide, acrylonitrile, and acrolein) adsorbed on a Cu(100) surface.
Electron transfer between these lowest unoccupied molecular orbitals and the metal surface is extremely fast, leading to a decay of
the population of the molecular anion on the femtosecond timescale. We detail how to analyze the time-dependent electronic wave
function in order to obtain the relevant information on the system: the energies and lifetimes of the molecule-localized
quasistationary states, their resonant wavefunctions, and the population decay channels. In particular, we demonstrate the effect of
the electronic structure of the substrate on the energy and momentum distribution of the hot electrons injected into the metal by the
decaying molecular resonance.

1. INTRODUCTION

Standard methods in quantum chemistry are typically
employed to study static properties or bound states of systems
where the Hamiltonian is a time-independent operator. For the
phenomena involving discrete states coupled with a continu-
um, even though the stationary scattering matrix, filter
diagonalization, or complex scaling approaches were devel-
oped,1−5 the evolution of the computing capacities triggered a
fast development of wave packet propagation (WPP)
techniques.6−13 The WPP explicitly solves the time-dependent
Schrödinger equation (TDSE), and, combined with wave
function representation on the spatial grid, allows efficiently
accounting for the continuum effects. Moreover, the WPP
naturally allows considering quantum systems under the action
of the explicitly time-dependent Hamiltonians as relevant for
the attosecond science,14−16 for example. In the past few
decades, many problems in Physics and Chemistry have been
thus addressed with WPP techniques (see e.g., refs 17−26).
In this work, we present a WPP-based methodology to study

those systems where molecule-localized electronic states are
coupled with a continuum of propagating electronic states, as

in the case of the photoionization, or for a single molecule
adsorbed on a metal surface, as specifically addressed here. Our
purpose is to merge (i) an ab initio description of the
molecular electronic structure as provided by quantum
chemistry approaches; and (ii) the possibility to describe the
continuum states without artificial quantization, that is,
imposing the outgoing wave boundary conditions as offered
by WPP. As a case study, we address the negative ion states of
organic molecules adsorbed on metal surfaces. In such systems,
an electron initially localized on a molecular orbital can escape
into the continuum of metal electronic states via energy-
conserving resonant electron transfer; the so-called resonant
charge transfer (RCT) process. The molecule-localized
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electronic states broaden into resonances, with lifetimes given
by the rate of the RCT. This is a typical example of discrete
state-continuum coupling, which admits a theoretical descrip-
tion within the single electron picture.
Because of the possible applications of the adsorbed

molecules as single photon sources,27−30 and because of the
role played by adsorbate-localized electronic states in surface
reactivity (see e.g.,31−37), the characterization of the adsorbate-
induced anion or excited state resonances at metal surfaces is
of paramount importance. In particular, the lifetime of a
molecular state is a key property, which controls the efficiency
of the reaction mechanism where the too short lifetime would
not allow for an energy transfer between electrons and
nuclei.38−40 Similar, too fast electron transfer from an excited
state into the substrates would hinder the decay via photon
emission.41,42 With the methodology presented in this work,
one can obtain a complete characterization of the resonances:
energy, lifetime, and resonant wavefunction.
From the experimental point of view, the electron dynamics

in excited states at surfaces has been thoroughly addressed
using the proximal probe scanning tunneling microscopy
(STM) technique43−46 as well as the time-resolved two-
photon-photoemission.13,47−50 These and other experiments
triggered large theoretical interest. Among other theoretical
approaches, the excited-state potential-energy surfaces for
molecules adsorbed on metal substrates were obtained using
the Δ self-consistent field (ΔSCF) method51 and the ΔSCF
density-functional theory (ΔDFT).52,53 The WPP technique
has also been applied to study energies and lifetimes of the
excited electronic states localized on adatoms, adlayers, and on
small nanostructures.54−61 Rather simple model descriptions of
the system have been used in these early works based on the
WPP technique. Recently, RCT between single molecular
adsorbates and semiconductor surfaces has been addressed at
the ab initio level;62 however, within the stationary Green’s
function framework that does not admit time-dependent
Hamiltonians.
The WPP method reported here aims simultaneously: (i) to

represent the continuum of the propagating electronic states
inside the metal and in the vacuum region, and (ii) to fully
account for the electronic structure of the adsorbed molecule
using potentials obtained with quantum chemistry calculations.
We illustrate our approach with a complete description of the
quasistationary molecular anion-localized states (resonances)
for the three vinyl derivatives: acrylamide (ACA), acrylonitrile
(ACN), and acrolein (ACO) adsorbed on a Cu(100) surface.
The structure of these molecules is shown in Figure 1. We
obtain the resonance decay channels and wave function, as well
as the resonance energy and the decay rate associated with its
lifetime. The above-mentioned molecules are characterized by

an antibonding π* C2−C3 character of the lowest unoccupied
molecular orbital (LUMO) orbital. Thus, the negative ion
formation by, for example, an electron injection from an STM
tip or via attachment of a hot electron from the metal would
weaken the (formally) double CC bond, activating this
bond. On the other hand, one would expect that the π*
orbitals strongly hybridize with the metal surface,63 leading to a
fast decay of the negative ion population. Thus, understanding
the dynamics of such electronic resonances provides also
information on the catalytic activity of such states.
It is worth stressing that our developed software is able to go

well beyond the problem of the RCT at metal surfaces and to
deal with general problems of electron escape from molecular
system into a continuum, including the case of the time-
dependent Hamiltonians as in photoionization. In particular,
using the all valence-electron description provided by standard
quantum chemistry packages (as the ones used here, see
below) makes it possible to address the electron-rescattering
processes. This subject is of great interest for the formation of
photoemission delays in attosecond science or for the
molecular imaging in optical field emission with intense laser
pulses.15,16,65−68

This article is organized as follows. Next section presents the
methodology: solution of the TDSE using the WPP scheme,
the strategy to construct the potential of the active electron,
and the extraction of the relevant information from the
propagation. Section 3 is devoted to the results: character-
ization of anion resonances localized on vinyl derivatives
adsorbed on a Cu(100) surface. We end the article with the
conclusions in Section 4. Atomic units are used throughout the
article unless otherwise stated.

2. METHODOLOGY
2.1. Time-Dependent Schro ̈dinger Equation. The

WPP approach consists in solution of the time TDSE
describing the time evolution of the wave function, Ψ(r,⃗t), of
the active electron. Ψ(r,⃗t) is sought as function of time and
spatial coordinates r,⃗ and evolves in time according to

i
t

r t H t r t( , ) ( ) ( , )
∂
∂

Ψ ⃗ = ̂ Ψ ⃗
(1)

where Ĥ(t) is the Hamiltonian of the system. At this stage for
the sake of completeness, we consider the case of the time-
dependent Hamiltonian. Given an initial condition Ψ0(r)⃗ ≡
Ψ(r,⃗t = 0), the solution of eq 1 is given by

r t U t r r( , ) ( ) ( ) e ( )i H t t
0

( )d
0

t
0Ψ ⃗ = ̂ Ψ ⃗ = ̂ Ψ ⃗− ∫ ̂ ′ ′

(2)

where Û is the time evolution operator, and ̂ is the time
ordering operator.

Figure 1. Three vinyl derivative molecules studied in the present work: (a) ACA, (b) ACN, and (c) ACO. Figure was also published in refs.63,64
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Numerically, many time-propagation schemes have been
developed including the global and short-time propagation
techniques.6−9,69−75 Here, we prefer the short-time propaga-
tion approach for its versatility in addressing the time-
dependent and time-independent Hamiltonians as well as for
the availability of the information on the system in due course
of the time evolution. Setting propagation time-step Δt, the
time evolution is obtained from

r t t r t( , ) e ( , )i tH t t( 2 )Ψ ⃗ + Δ = Ψ ⃗− Δ ̂ + Δ
(3)

The Hamiltonian Ĥ of the system can be expressed in the
following general form

H t T V r t V V r

T

V v P v

( ) ( , ) ( ) ,

1
2

,

V t
NL abs
( )

2

NL

tot

´ ≠ÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖ ÆÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖ

∑ ∑ ϕ ϕ

̂ = ̂ + ⃗ + ̂ + ⃗

̂ = − ∇⃗

̂ = ̂ = | ⟩ ⟨ |
α

α α
α

α α α

̂

(4)

Here, T̂ is the kinetic energy operator and V̂tot(t) is the total
(possibly time-dependent) potential. It consists of the several
contributions described below in the order of appearance.
The local potential V(r,⃗t), includes the local part of the

electron−molecule interaction, the electron−surface interac-
tion, which takes into account the charge transfer between the
molecule and the substrate, and, finally, the possible external
potentials acting on the system. As an example, an incident
electromagnetic pulse with electric field E⃗(t) contributes to the
local potential with the term E⃗(t)r.⃗ Although in this work, we
do not consider any external time-dependent potential acting
on the system, the code is ready to use this option. The details
of the electron−molecule and the electron−surface inter-
actions are given in the following sections.
The nonlocal (local) potential, V̂NL, arises from the

pseudopotential description of the molecular electronic
structure as often implemented in the DFT simulations.76−78

It is defined by the projectors P̂α on the orthonormal basis of
ϕα-states, and by the set of constants vα. In the r ⃗
representation, the action of the projector on the wave
f u n c t i o n r t( , )Ψ ⃗ i s d e fi n e d a s :

P r t v r r r t r( , ) ( ) ( ) ( , ) d3∫ϕ ϕ̂ Ψ ⃗ = ⃗ ′⃗ Ψ ′⃗ ′α α α α

÷◊
. In the present case

ϕα(r)⃗ is a real function.
Finally, Vabs(r)⃗ is the local complex absorbing potential

(CAP) used to impose the outgoing wave conditions at the
boundaries of the computational box consistent with bound
state-continuum interaction at the focus of the present study.
Because different operators contributing to the Hamiltonian

of the system do not commute in general, the short-time
propagation given by eq 3 is performed using the split operator
technique6,7,69,73

r t t

r t

( , ) e e e e

e e e ( , )

i t V i t V t i t V

U

i tT

i t V i t V t i t V

U

2 2 ( ) 2

2 2 ( ) 2

abs NL

L

NL abs

R

´ ≠ÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖ ÆÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖ
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Ψ ⃗ + Δ =

× Ψ ⃗

− Δ − Δ ′ − Δ ̂

̂

− Δ ̂

− Δ ̂ − Δ ′ − Δ

̂

(5)

where t t t
2

′ = + Δ the propagation error is of the order of Δt3.
The reason why it is convenient to split the Hamiltonian in

terms of kinetic energy and local and nonlocal potential terms

lies in the fact that a local operator (as the potential energy
operator) is diagonal in a direct space while the kinetic energy
operator is diagonal in the reciprocal space. We then use the
Fourier grid Hamiltonian (FGH) approach to perform the
time propagation of the wave function.6,8,9,69,70,79 The wave
function of the active electron is represented on a discrete
equidistant grid in Cartesian coordinates. The action of the
exponential of the local potentials is computed in the direct
space by direct multiplication on each grid point. The action of
the exponential of the kinetic energy operator is computed in
the reciprocal space leading to the following algorithm of the
time step

r t t U U r t( , ) e ( , )i tT
L

1
R

kΨ ⃗ + Δ = ̂ [ [ ̂ Ψ ⃗ ]]− − Δ ⃗ (6)

Here, ( 1− ) stands for the direct (inverse) fast Fourier
transform (FFT). With absolute value of the momentum k2 =
kx

2 + ky
2 + kz

2, the diagonal kinetic energy matrix Tk ⃗ is given by

T k k
j

N h
1
2

,
2

k x y z
x y z

x y z x y z

2
, ,

, ,

, , , ,

π
= =⃗

(7)

where Nx,y,z and hx,y,z are the number of knots and the step of
the mesh in the corresponding direction. The index jx,y,z runs in
the limits −(Nx,y,z/2 − 1) ≤ jx,y,z ≤ Nx,y,z/2.
If the Hamiltonian does not contain any time-dependent

term, this scheme is very efficient because the exponentials
have to be calculated once at the beginning of the calculation
and the FFT algorithm is employed to switch between
representations.
Before closing this section, we discuss the computation of

the exponential e iV t/2NL− ̂ Δ of the nonlocal operator V̂NL(r)⃗
defined using eq 4. Because the |ϕα⟩ states are orthonormal
⟨ϕα′ |ϕα⟩ = δα′α, the operators P̂α commute. Then,

e e ei t V i t v P i t v P2 2 2NL ∏= =
α

− Δ − Δ ∑ ̂ − Δ ̂
α α α α α

(8)

Using the Taylor expansion of the exponent
( )

Pe 1i v P
n

i v

n1
t

t n

2 2= + ∑ α̂
− ̂

=
∞ −

!
α α

αΔ
Δ

, we finally obtain

Pe 1 (e 1)i t V i t v2 2NL = + − α̂
− Δ − Δ

α (9)

2.2. Potential. 2.2.1. Molecular Potential. One of the
most important advantages of the present methodology is that
it incorporates the versatile character of the WPP on real space
grids in describing the propagating continuum states, and the
full account for the realistic electronic structure of the
adsorbed molecule. The description of the interaction between
an active electron and the molecule is thus at the core of our
approach, where the required information is extracted from
quantum chemistry packages. In this case, the molecular
potential contains local and nonlocal components described
below.
The main idea is that in the WPP code, we use exactly the

same potential as the one leading to the ground-state Kohn−
Sham (KS) orbitals within the DFT software applied to the
same molecule. This guarantees that, for the free-standing
molecule, the KS orbitals calculated using DFT are also the
eigenstates of the FGH driving the electron dynamics in WPP.
For the electron−nuclei interaction, the standard DFT
packages routinely employ the frozen core approximation
and pseudopotentials in order to decrease the computational
effort. For the WPP, only norm conserving pseudopotentials
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can be applied in order to guarantee the unitarity of the time
propagation operator and thus preservation of the norm of the
wave packet. Thus, the Abinit package77,78,80−82 is an excellent
choice for our approach, because it employs norm-conserving
pseudopotentials.83 These pseudopotentials contain the local
part Vj

loc and the nonlocal part Vj
nl that is responsible for the

correct energy position of the calculated electronic states.
Index j stands for the given atom within the molecule, which
implies that prior to the WPP study the molecular structure,
defined by the set of atomic positions {rj⃗}, has to be
determined from the ground-state ab initio calculations for
the molecule in a given environment. Depending on the
problem at hand, these calculations can be performed for the
free standing molecule using the Gaussian0984 package or, for
the molecule adsorbed at metal surface, the VASP85−87

package.
Provided atomic positions, the nonlocal potential is given

using

V vj
f

f j f j f j
nl

, , ,∑ ϕ ϕ̂ = | ⟩ ⟨ |
(10)

where ⟨ϕf ′,j′|ϕf,j⟩ = δf f ′δjj′. An index f runs over the angular
momentum and magnetic quantum number of each
pseudofunction. It also takes into account the situations
where several pseudofunctions are needed for the atom j. vf,j is
the shift in the energy of the (normalized) eigenfunction ϕf,j
that places the corresponding eigenstate at the correct position
in the spectrum. Note that because ϕf,j are localized in the
region of the space surrounding the corresponding atom,
projection of the time-dependent wave function required to
perform the propagation time step (see eq 9) only involves the
integrations within the small portion of the complete three-
dimensional (3D) mesh.
The interaction between an active electron and the rest of

the molecular electrons is obtained from the Abinit
calculations using the previously optimized molecular structure
defined by {rj⃗}. The resulting local potential is given by the
sum of the Hartree, VH

Mol(r)⃗ and exchange−correlation,
Vxc
Mol(r)⃗, potentials that are calculated on the knots of the

WPP grid.
Despite the huge improvements in the development of

functionals, the DFT approaches are far from a correct
description of the excited states, electron affinities, or
ionization energies in terms of the Koopmans’ theorem.88

This is while the lifetime of the quasi-stationary states localized
on adsorbed molecule considered here is determined by their
energy position with respect to the features of the band
structure of the substrate. Similarly, if one is interested in the
photodetachment from the molecular anion, the energy of the
affinity level with respect to the vacuum is of paramount
importance.
To impose the correct electron affinity in the WPP

calculations, we proceed as follows. First, for the molecular
structure defined by {rj⃗}, the electron affinity Ea is calculated
with a very high accuracy as the energy difference of the free-
standing anion and the free-standing neutral molecule, using
CCSD (coupled cluster theory including single and double
excitations) and a triple-ζ basis in both cases. To this end, the
Gaussian0984 is used. Furthermore, we consider that for the
molecular anion, the wave function of an external electron is
close to the wave function of the LUMO orbital of the neutral
molecule, ΦLUMO(r)⃗. Then, the nonlocal potential

U LUMO LUMO
̂ = |Φ ⟩⟨Φ | (11)

is added to the electron−molecule interaction. The constant U
= −Ea − ELUMO provides the energy correction given by the
difference between the KS energy of the LUMO, ELUMO, and
the electron affinity Ea of the molecular anion obtained from
the high level ab initio calculations. The energy, ELUMO, and
wave function of the LUMO orbital, ΦLUMO(r)⃗, are calculated
using the WPP (see below) for the electron−molecule
interaction given using the potential

V V r V r V V( ) ( )
j

j
j

jAbinit H
Mol

xc
Mol loc nl∑ ∑̂ = ⃗ + ⃗ + + ̂

(12)

extracted from the Abinit calculations. It is worth noting that
for converged WPP calculations, the KS energy of the LUMO
obtained in Abinit and the WPP results differ by less than 0.1
meV.
Summarizing the discussion above, the final potential of the

interaction between an active electron and the molecule reads

V V r V r V V( ) ( )
j

j
j

jMol H
Mol

xc
Mol loc nl∑ ∑̂ = ⃗ + ⃗ + + ̂ + ̂

(13)

where the summation in j runs over all atoms forming the
molecule. This choice guarantees that for the free-standing
molecule with atomic arrangement {rj⃗}, the Hamiltonian

H V
1
2

2
Mol= − ∇⃗ + ̂

(14)

projected on the grid leads within the WPP scheme to the
existence of the stationary state ΦLUMO(r)⃗ at the energy −Ea.
We note here that the total nonlocal potential in eq 5 is given
by

V V V
j

jNL NL
Tot nl∑̂ → ̂ = ̂ + ̂

(15)

The nonlocal operators V̂j
nl and ̂ do not commute. As a

consequence, if the energy correction to the orbitals of the
ground state neutral molecule is applied, the calculation of the
exponential of the nonlocal potential in eq 5 requires an
additional split

te e e e ( )i t V i t

j

i t V i t
2 4 2 4 3jNL

Tot nl

∏= + Δ− Δ ̂ − Δ ̂ − Δ ̂ − Δ ̂

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ (16)

It is also worth noting that the Abinit calculations explicitly
account not only for the external, but for the tightly bound
molecular orbitals. The resulting strong and localized on
atomic positions potential represents a complication because
the tight WPP mesh and relatively small propagation time step
are required to describe the corresponding wave functions
quickly changing close to atomic positions. On the other hand,
this description of the electron−molecule interaction allows
one to use the present methodology to address, for example,
the scattering of the energetic electrons penetrating close to
the atomic cores. This subject is of great interest for the strong
field and/or ultrafast science.

2.2.2. Interaction with the Metal Surface. For the
molecules adsorbed at metal surfaces, the total potential that
drives the dynamics of the active electron is determined by the
electron−molecule and electron−substrate interactions. In
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order to account for a proper adsorption geometry, we obtain
the interaction potential between the active electron and the
metal as follows.

• Using VASP, by combining DFT and projected
augmented wave (PAW) pseudopotentials, we perform
the calculation of the adsorption geometry. During these
geometry optimizations, all the metal coordinates, but
the z coordinate of the atoms in the first layer, are fixed;
and the atomic positions of the molecule are allowed to
be relaxed.

• Then, the determined adsorption geometry of the
molecule given by atomic positions {rj⃗

Ads} is used in
the single Abinit run describing the molecule adsorbed
on a metal surface and allowing to obtain the electronic
density as well as the potential of the entire system
V̂Met+Mol
DFT .

• Abinit calculations are also performed for the bare metal
surface where the first layer is fixed at the positions
determined for the adsorption case. This calculation
provides with V̂Met

DFT, the electron−metal interaction
potential.

• Abinit calculations are finally performed for the free-
standing molecule with atomic arrangement given by
{rj⃗

Ads}, which provides the electron−molecule interaction
potential V̂Mol.

The potential of the system can be then expressed as

V V V V r

V r V r V V

( ),

( ) ( )

Met Mol
DFT

Mol Met
DFT

Met Mol
DFT

Met Mol
DFT

Met Mol
DFT

Mol Met
DFT

̂ = ̂ + ̂ + Δ ⃗

Δ ⃗ = ⃗ − ̂ − ̂

+ +

+ + (17)

Note that by construction, ΔVMet+Mol
DFT is a local potential

mainly determined by the valence electrons. The contribution
of the inner shell electrons is nearly cancelled, while the
pseudopotentials are cancelled exactly. The potential
ΔVMet+Mol

DFT then originates from the difference between the
electron density of the entire system and the sum of the
electron densities of the individual components leading to the
corresponding difference in the Hartree and exchange
correlation potentials. This approach has to be considered
with care. Strictly speaking, it is well justified only if the surface
reconstruction associated with the molecular adsorption is
small. Because the effect of an adsorbed molecule is quickly
screened inside the metal and at some nm of the lateral
separation, the potential ΔVMet+Mol

DFT is nonzero only in the
vicinity of the molecule, as follows from the results shown in
Figure 2. Thus, an active electron moving in the asymptotic
region at large lateral separations or deep inside the metal
experiences only the potential of the metal V̂Met

DFT.
Because ΔVMet+Mol

DFT vanishes in the asymptotic region, we can
introduce an approximation that greatly reduces the computa-
tional load and makes the problem of the quasistationary states
localized on the single adsorbed molecule, and decaying into
the metal, numerically accessible. Indeed, the standard codes
based on DFT are able to deal with enough atoms to describe
properly many of the processes of interest such as molecular
adsorption geometry, formation of molecule−metal bond, and
so forth.89−102 Typically, 4−5 atomic layers are enough for a
proper description of these properties, provided a large enough
supercell in the lateral direction so that the effects owing to
periodic representation of the system inherent to this codes
can be neglected. However, if one is interested in the decay of
molecule localized states into the metal, or in the photo-

emission, the computational domain has to be extended
parallel to the surface as well as deep inside the metal and into
the vacuum. This is mandatory in order to correctly capture
the band structure effects on the electron propagation (e.g., to
have fully developed projected band gaps) as well as to avoid
the quantization of the continuum of the propagating states in
metal and in vacuum. Such an extension of the computational
domain requires extremely heavy ab initio calculations in order
to generate V̂Met+Mol

DFT potential as well as it harms the efficiency
of the WPP approach that has to deal with nonlocal potentials
at each lattice site of the metal. Of course, if the system of
interest is periodic (e.g., self-assembled monolayers), the
periodicity of the DFT cell is correct and thus the total cell in
the WPP must have the same size; this, however, does not
remove the necessity of the large computational domain in the
direction perpendicular to the surface.
The way to cope with the problem outlined above consists

in replacing the potential obtained from quantum chemistry
calculations, V̂Met+Mol

DFT , by the model potential, V̂Met+Mol that
preserves an accurate description of the adsorption region
while allowing an easy extension of the computational domain.
Equation 17 then takes the form

V V V r V r( ) ( )Met Mol Mol Met
model

Met Mol
DFT̂ = ̂ + ⃗ + Δ ⃗+ + (18)

In this case, all local environments of the adsorbed molecule
are represented with potentials extracted from the ab initio
calculations V̂Mol + ΔVMet+Mol

DFT (r)⃗, and the metal is represented
with an analytical model potential VMet

model(r)⃗, which allows an
easy spatial extension of the WPP mesh. We use the model
potential developed by Chulkov et al.,103 successfully applied
in the past to describe the dynamics of the excited states at

Figure 2. (a) Local part of the model potential V̂Met+Mol (see eq 18)
for the electron active in the RCT between the ACO anion and the
Cu(100) surface. (b) Difference ΔVMet+Mol

DFT between the electron
interaction potential with ACO molecule adsorbed on the Cu(100)
surface and the sum of the independent electron/ACO and electron/
Cu(100) interaction potentials. Here, all potentials are calculated
using the DFT as implemented in the Abinit package. The potential
maps in panels (a,b) are presented in the (x, z)-plane. The x-
coordinate runs along the C1−C2 bond as indicated in the inset. The
z-coordinate is perpendicular to the surface, z = 0 corresponds to the
surface Cu atom layer, and the metal is located at negative z values.
The numbers on the vertical color bar in each panel give the potential
in atomic units and define the color scale.

Journal of Chemical Theory and Computation pubs.acs.org/JCTC Article

https://dx.doi.org/10.1021/acs.jctc.0c01031
J. Chem. Theory Comput. 2021, 17, 639−654

643

https://pubs.acs.org/doi/10.1021/acs.jctc.0c01031?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.0c01031?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.0c01031?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.0c01031?fig=fig2&ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://dx.doi.org/10.1021/acs.jctc.0c01031?ref=pdf


metal surfaces.13,48−50,104 This model potential only depends
on the electron coordinate z perpendicular to the surface:
VMet
model(r)⃗ = VMet

model(z). It smoothly joins the image potential tail
of the electron/surface interaction in vacuum and shows the
periodic oscillations corresponding to the interaction of the
electron with the metal layers inside the bulk, as shown in
Figure 3. The periodicity of the potential reflects the

arrangement of atomic planes perpendicular to the surface
and a free-electron motion parallel to the surface is assumed.
Despite its simplicity, VMet

model(z) allows correctly recovering the
surface electronic structure at the Γ̅ point with correct energies
for the surface and image potential states, as well as for the
projected band gap.103 The latter is very important for the
decay of the electronic resonances at surfaces as it determines
the final states in the conduction band available for the RCT
process as we discuss below in this article.
In Figure 2, we show the 2D maps of the local part of the

potential V̂Met+Mol as well as the difference potential
ΔVMet+Mol

DFT (r)⃗ for the case of the ACO molecule adsorbed on
the Cu(100) surface. As explained above in this subsection,
ΔVMet+Mol

DFT (r)⃗ expresses the difference between the DFT results
obtained using the Abinit package for the coupled molecule +
surface system and sum of the independent electron
interactions with and individual molecules and the pristine
Cu(100) surface. Two bright regions in Figure 2a arise because
of the electron interaction with carbon atoms forming the C1−
C2 bond, and the periodic oscillations of the potential inside
the metal reflect the successive atomic planes parallel to the
surface as implemented in the electron−metal interaction
potential of ref 103. Notice that the ΔVMet+Mol

DFT potential
reaches up to 6 eV, which shows an essential rearrangement of
the electron density between the surface and the adsorbed
molecule. Obviously, this effect can only be captured by
performing the quantum chemistry DFT study for the
complete system.
2.2.3. Complex Absorbing Potentials. Addressing the decay

of the quasistationary state into the continuum of propagating
electronic states with the calculations performed on the finite
size mesh has been thoroughly addressed in the context of, for
example, quantum reaction theory and the theory of
resonances.1−5,8,9,105 Among many techniques proposed in
the literature, we use the CAPs that have proven their
efficiency for the WPP approaches. The CAPs are introduced
at the boundaries of the computational mesh in order to

impose the outgoing wave boundary conditions. In practice,
upon arrival to the mesh boundary, an electronic wave packet
is progressively absorbed with negligible reflections. Thus, the
WPP calculations performed on the finite size mesh are
representative for the system in the infinite space.
In practice, we use local CAPs of quadratic form106 given by

V r V x V y V z( ) ( ) ( ) ( )abs abs abs abs⃗ = + + (19)

where

V

i

i( )

( ) if

( ) if

0 otherwise

abs

2

2ξ
λ ξ ξ ξ ξ

λ ξ ξ ξ ξ=
− − ≤

− − ≤
− − −

+ + +

l

m
oooooo

n
oooooo (20)

In eq 20, we assume ξ− < ξ+, so that ξ− ≤ ξ ≤ ξ+ is the
absorption-free region. Using CAPs results in the non-
Hermitian Hamiltonian. The associated nonconservation of
the norm of the wave function in WPP reflects the absorption
of the electron flux arriving at the mesh boundary as if the
electrons were leaving the computation box.

2.2.4. Total Potential. For the case of the anion resonances
of adsorbed molecules chosen as an example of our approach,
the resulting total potential for the WPP as enters eq 4 does
not depend on time and it is given using

V V V r V r V r( ) ( ) ( )tot Mol Met
model

Met Mol
DFT

abs
̂ = ̂ + ⃗ + Δ ⃗ + ⃗+ (21)

The electron−molecule interaction potential V̂Mol is defined
with eq 13.

2.3. Extracting Lifetimes, Energies, and Resonant
Wavefunctions. All the information on the decaying state is
contained in the time-dependent wave-function of the active
electron Ψ(r,⃗t). In this section, we show the typical Ψ(r,⃗t)
analysis techniques that allow one to obtain the energy,
lifetime, and electronic wave function of the anion resonance
localized on adsorbed molecules.
Important quantity to be determined with WPP is the

autocorrelation function, A(t), given by

A t r r t r( ) ( ) ( , ) d0
3∫= Ψ* ⃗ Ψ ⃗ ⃗ (22)

where * stands for the complex conjugate.
The time-to-energy Fourier transform of the autocorrelation

function yields the energy-dependent electronic density of
states projected on the initial wave function (pDOS)13

n E A t t

E E
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∫
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η+l
mo
no

|
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(23)

where Re{Z} stands for the real part of the complex number Z,
T is the finite, albeit large propagation time, η → + 0, and |φk⟩
stands for the bound and continuum eigenstates of the
Hamiltonian Ĥ = T̂ + V̂tot of the system.
The decaying (quasistationary) molecular states appear as

resonances in n(E). The energy positions and widths of the
resonances in n(E) are associated with energies and RCT
decay rates of the corresponding molecular states. The
approach above is robust, but it is difficult to apply in the
case when the long-lived states are present in the system so
that very large propagation times T are then needed to reach

Figure 3. Model potential for the Cu(100) surface,103 VMet
model(r)⃗. The

electron/Cu(100) interaction potential is shown as a function of the
electron coordinate perpendicular to the surface, z, where z = 0
corresponds to the surface layer of Cu atoms. The z-axis points from
metal to vacuum with negative z inside the metal.
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convergence in eq 23. In such situations, an alternative scheme
is used. The autocorrelation is sought in the form (see ref 13)

t a( ) e e
j n

j
iE t t

1,...,

2j
j

∑=
=

− −
Γ

(24)

that is, it is represented as a linear combination of the
contributions from quasistationary states with energies Ej and
decay rates Γj. Some of the states are the actual resonances of
the system and some are the “effective” resonances that
represent the contribution of the conduction band states,
surface state continuum, and free-propagating states above the
vacuum level. The least square fit of the autocorrelation
function A(t) obtained from the WPP to the analytical form

t( ) given using eq 24 yields the complex energies (Ej, Γj) of
the resonances in the system. The results for the actual
resonances converge as a function of the propagation time T
and the number of states n.
Once the energy, E, of the resonance is known, the

corresponding wave function of the decaying state can be
extracted from

r r t t( ) e ( , ) d
T

iEtres

0
∫ψ ⃗ = Ψ ⃗

(25)

Note that at difference with a bound state, the resonance
wave function ψres(r)⃗ satisfies the outgoing wave boundary
conditions and thus contains the continuum part.
Since the autocorrelation function A(t) reflects the dynamics

of the electronic states of the system populated at t = 0 by
projection of the initial wave function Ψ0(r)⃗, the choice of the
latter might significantly ease or harm extraction of the
resonance characteristics. For this reason, the initial conditions
must be carefully chosen and, depending on the states of
interest, several propagations might be required to obtain
Ψ0(r)⃗. For the study of the anionic resonances at surfaces, the
wave function of the π* LUMO orbital of the gas-phase
molecule, ΦLUMO(r)⃗, provides a good initial condition. Here,
the molecular structure is defined by atomic positions {rj⃗

Ads}.
Because the direct diagonalization of the FGH is impossible,
ΦLUMO(r)⃗ is calculated with WPP for the free-standing
molecule following the iterative procedure

r r t t( ) e e ( , ) df

T
iE t t

f1 0
f∫ψ ⃗ = Ψ ⃗η

+
−

(26)

Here, f provides the order of approximation, Ψf(r,⃗t) is the time-
dependent solution of the Schrödinger equation obtained with
initial state ψf(r)⃗ (order f approximation to ΦLUMO(r)⃗). The

final propagation time T and the attenuation η ≃ 4/T are
determined by the energy difference ΔΩ between the sought
quasistationary state and next in energy state emerging in the
fit of the autocorrelation function (see eq 24). Typically, we
use T ≃ 10 × 2π/ΔΩ. Because the π* orbital at the origin of
the sought resonances for the molecules adsorbed at metal
surface is antisymmetric with respect to the molecular plane,
the iterations are started with an initial function given by the
Gaussian centered out of the molecular plane. The energy
estimate E1 is obtained from the energy of the LUMO π*
orbital calculated with Abinit for the {rj⃗

Ads} molecular structure.
At the following steps, the Ef energy is obtained from the
analysis of the autocorrelation function. Typically, a small
number of iteration steps f ∼ 2, 3 are enough to obtain good
approximation to the eigenstate of the FGH, ΦLUMO(r)⃗, used
as an initial condition for the WPP study of the electronic
resonances of the adsorbed molecule. It is worth stressing that
eq 26 establishes a general iteration procedure that can be
applied to ease the extraction of the energies, widths, and wave
functions of the quasistationary states localized on molecules
embedded in different environments. In particular, we use it for
the surface-adsorbed molecules as shown below.
Figure 4 presents a workflow with the computational

strategy proposed in this work, as has been detailed in this
section.

3. ANION RESONANCES OF VINYL DERIVATIVES
ADSORBED ON A CU(100) SURFACE

In this section, we illustrate our approach with the results
obtained for the negative ion resonances localized on vinyl
derivatives (ACA, ACN, and ACO) adsorbed on a Cu(100).

3.1. Computational Details. The calculations have been
performed with two different sizes of the uniformly spaced 3D
mesh: nx = ny = nz = 512 (regular box) and nx = ny = 1024, nz =
512 (large box). While the regular box is used routinely, the
large-box-computations are performed for some of the data
points to check the convergence of the results. The mesh
spacing hx = hy = hz = h = 0.169 a.u. is set equal to the mesh
spacing used in the Abinit package. Thus, in the z-coordinate,
perpendicular to the surface the mesh extends within the −55
a.u. ≤ z ≤ 31 a.u. range as measured from the first layer of the
surface atoms (negative z corresponds to inside the metal, and
positive z corresponds to the vacuum region above the
surface). Parallel to the surface, the mesh extends within the
−43 a.u. ≤ x, y ≤ 43 a.u. range for the regular box, and within
the −86 a.u. ≤ x, y ≤ 86 a.u. range for the large box. The
propagation time step dt = 0.018 a.u. is used. With the present

Figure 4. Workflow of the computational strategy proposed here. Geometry optimization is followed by the construction of the total potential,
including different steps. Once the potential is obtained, WPP simulations are performed. The analysis allows obtaining the final results: energy,
lifetime, and resonant wave-function of the state of interest.
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choice of h and dt, for the free-standing molecule, the KS
energies of molecular orbitals obtained using WPP converge
with an accuracy of at least 0.1 meV. Simultaneously, the
difference between the WPP results and the KS energies of
molecular orbitals obtained from the quantum chemistry code
(Abinit) is also less than 0.1 meV. Using these values of h and
dt also provides accurate results for the widths of the
resonances at a reasonable computational cost. The absorbing
potential set at the boundaries of the mesh is defined using eq
20 with: λ− = λ+ = λ = 2 × 10−4 a.u.; x− = y− = −23 a.u. and x+
= y+ = 23 a.u. for the regular computation box; and x− = y− =
−46 a.u. and x+ = y+ = 46 a.u. for the large computation box. In
both cases z− = −30 a.u. and z+ = 28 a.u. is used. Note that
because the molecule-localized resonance is located at negative
energies with respect to the vacuum level, and because it
decays by electron emission inside metal, the calculation can
be done without absorber at positive z without altering the
results. Table 1 summarizes the computational details of the
WPP simulations.

For the vinyl derivatives adsorbed on the Cu(100) surface,
the adsorption geometries have been taken from the most
stable structures reported in ref 63. The optimization of the
geometry was carried out using the optPBE functional,107−110

PAW pseudopotentials to describe the electron−ion inter-
actions, and a plane-wave basis set with a kinetic energy cutoff
of 750 eV. We used a periodic supercell with a metal slab made
by a four-layer (5 × 5), the adsorbed molecule, and a vacuum
distance of ∼20 Å. The Brillouin zone was described with a
single 1 × 1 × 1 point using a Γ-centered Monkhorst−Pack
scheme. These calculations were performed with the VASP
code.85−87 See ref 63 for further details. Using these
geometries, potentials for the WPP were obtained from the
Abinit package81 calculations, taking advantage of the periodic
boundary conditions in order to have a correct description of
the metal surface. The interaction between ions and electrons
has been described with norm-conserving pseudopotentials.83

Plane waves up to a kinetic energy of 32 atomic units were
used to describe the electron density. Electronic energy was
converged until an energy difference of 10−9 a.u. was reached.
The Γ point was used to sample the reciprocal space. Because,
according to the Koopmans’ theorem, the LUMO states
accommodate an extra electron in molecular anion, we apply

the correction given by eq 11. The molecular affinities in the
gas phase necessary to determine the U-parameter were
obtained using the Gaussian0984 package, by performing
single-point calculations at the CCSD/cc-pVTZ level of
theory. The same atomic arrangement as in the adsorbed
molecule was considered. Because for the free-standing ACA,
ACN, and ACO molecules the molecular anions are unbound
(Ea > 0), special care is taken in order to avoid other states (as
Rydberg states), which could appear at lower energies,
especially if a large basis set with diffuse functions is used.
The resulting energy shift U values are 3.539, 3.652, and 3.728
eV for ACA, ACN, and ACO, respectively.

3.2. Results and Discussion. With initial conditions given
by the wave function ΦLUMO(r)⃗ of the π* molecular orbital
obtained from the gas-phase WPP calculations, we carried out
the WPP studies of the dynamics of an electron active in RCT
between an adsorbed molecule and a metal surface. As follows
from our results presented below, the decay of the anion
population by the transfer of an extra electron into the metal
surface is very fast. In this situation, the quasistationary
molecular states appear as broad resonances in pDOS, n(E),
(see Figure 5), making difficult extraction of their energies and

lifetimes. In order to improve the extraction of the resonance
parameters, consecutive propagations defined by the iterative
procedure given by eq 26 are often required for the adsorbed
molecule. The iteration is started with ΦLUMO(r)⃗ allowing
estimating the energy Ef=1

res of the quasistationary state. Then,
we rerun the WPP with initial state ΦLUMO(r)⃗, and we extract
the resonance energy Ef=1

res . This allows launching the iterations.
We repeat the iteration cycles till the pDOS energy spectrum
featuring a single peak is retrieved, as shown in Figure 5. Using
this iterative procedure, we progressively increase the
contribution of the quasistationary state in the initial wave
function Ψ0(r)⃗, which eases the extraction of the energy and
the decay rate of the molecular localized resonance.
We illustrate the performance of the iterative procedure with

an example of the ACA molecule adsorbed on Cu(100). The
two consecutive time-propagations are applied. First one is

Table 1. Summary of the Computational Details in the WPP
Simulationsa

Time Step

dt = 0.018 a.u.

Regular box Large box

Mesh
hx = hy = hz = 0.169 a.u. hx = hy = hz = 0.169 a.u.
nx = ny = nz = 512 nx = ny = 1024, nz = 512
−43 a.u. ≤ x, y ≤ 43 a.u. −86 a.u. ≤ x, y ≤ 86 a.u.
−55 a.u. ≤ z ≤ 31 a.u. −55 a.u. ≤ z ≤ 31 a.u.

Absorbing Potential
x− = y− = −23 a.u. x− = y− = −46 a.u.
x+ = y+ = 23 a.u. x+ = y+ = 46 a.u.
z− = −30 a.u. z+ = 28 a.u. z− = −30 a.u. z+ = 28 a.u.
λ− = λ+ = 2 × 10−4 a.u. λ− = λ+ = 2 × 10−4 a.u.

aWithin these values, a typical WPP run requires ∼1000 h of cpu time
and ∼50 Gb of memory. The code has been parallelized and we have
checked that up to ∼32 proc scales linearly.

Figure 5. ACA molecule adsorbed on the Cu(100) surface. The
pDOS obtained in WPP calculations via Fourier transform of the
autocorrelation function. Black line: results obtained using the gas-
phase LUMO orbital as an initial state for the WPP, red line: results
obtained with an initial state of the time propagation extracted from
the iterative procedure and approaching the wave function of the
anion resonance.
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performed using the gas-phase LUMO orbital as an initial
state, and provides an initial state for the second time
propagation. In Figure 5, we show the pDOS calculated using
different initial states. If the gas-phase LUMO orbital
ΦLUMO(r)⃗ is used as an initial state (black line), along with
the main peak with maximum at Eπ* = −0.53 eV and
corresponding to the sought quasistationary state, the pDOS
shows a reach pattern. Indeed, while ΦLUMO(r)⃗ is the
eigenstate of the FGH for the free standing molecule, this is
not the case in front of the surface so that pDOS reflects
contribution of different eigenstates of the FGH of the
compound molecule + surface system populated by the
projection on the initial state. Thus, a broad feature extending
from approx. −12 eV [valence band bottom of model
Cu(100)] to large positive energies is associated with
continuum of metal and vacuum electronic states. The
structures at high binding energies below the main resonance
reflect contributions of various molecular orbitals different
from the LUMO. The associated electronic states are
stationary when located below the metal band bottom leading
to the sharp peaks in pDOS with the width resulting solely
from the finite propagation time. Within the energy range of
the metal continuum, molecular orbitals are broadened into
resonances albeit with their widths essentially smaller than that
of the loosely bound LUMO. In sheer contrast with the
previous results, the pDOS obtained in the propagation with
Ψ0(r)⃗ (red line in Figure 5), computed as result of two
iterations, features a single Lorentzian peak corresponding to
the quasistationary state originating from the LUMO
molecular orbital hybridized with the metal surface. Thus,
the iterative procedure allows the choice of the initial condition
approaching the quasistationary molecule-localized state.
The structure of pDOS characterized by a single resonance

or many populated states obviously reflects the time depend-
ence of the autocorrelation function, A(t). Both are linked via
the Fourier transform. This is illustrated in Figure 6 where we
show the time evolution of the population of the initial state, |
A(t)|2. If only the decaying quasistationary state is populated

by the choice of initial conditions, one would expect an
exponential decay of the population of the initial state. This is
observed with initial state Ψ0(r)⃗, obtained from the iterative
procedure and approaching the wave function of the
quasistationary state (red curve in Figure 6). At variance,
using the gas-phase orbital ΦLUMO(r)⃗ as an initial state for the
time propagation (black curve in Figure 6) leads to the strong
population of metal and vacuum continuum states within a
broad energy range. In turn, this results in the fast drop of the
initial state population at short propagation times. At longer
propagation times, we retrieve an exponential decay of the
quasistationary state, with some oscillations. This oscillating
pattern is the direct consequence of the interference between
different molecular states populated by the choice of initial
conditions. In particular, the contribution of bound molecular
orbitals below the bottom of metal continuum does not decay
in time.
Energies, RCT decay rates (or resonance widths) and

lifetimes of the molecular anion resonances computed with
WPP are shown in Table 2. The ACA, ACN, and ACO
molecules adsorbed on the Cu(100) surface are studied using
regular and large spatial extension of the computational mesh.
Both sizes of the simulation mesh provide results with
differences lower than 0.1 fs in lifetimes and 0.03 eV in
resonance energies (which represent less than 5% in all the
cases). For the sake of computational efficiency, we then used
the regular mesh to describe the energy and the decay
dynamics of the molecular induced resonances at surfaces. For
all three studied vinyl derivatives, the surface strongly stabilizes
the extra electron around the molecule: the obtained energies
for the anionic states are negative (i.e., below the vacuum
level), whereas in the gas phase, the molecular anions are
unbound. Thus, in difference to the gas-phase situation, the
molecular anion cannot decay by electron emission into the
vacuum. The only possible decay channel is the RCT into the
metal, which is allowed because the three anionic resonances
have energies above the Fermi level of the surface.
It follows from our results that the RCT is an extremely

efficient process and an electron initially localized on the
molecule quickly escapes from the molecule potential well into
the metal. As we have previously shown,63,64 the orbitals of the
vinyl derivatives (both occupied and unoccupied) are mixed
with the metal. The present study confirms this strong
coupling, similar for the three studied anions and leading to
extremely short lifetimes (below 2 fs) of the molecule-localized
resonances of the π* character. As shown in ref 63, ACN and
ACO molecules adsorb in an almost parallel orientation with
respect to the metal surface. However, the NH2 group of the
ACA is oriented toward the vacuum. Then, the LUMO orbital
underlying the π* resonance is less coupled with continuum of
metal states, which explains its slightly larger lifetime.
The electron densities of the quasistationary molecular π*

anion states associated with the energies in Table 2 are shown
in Figure 7 for the three vinyl-derivatives adsorbed on
Cu(100). They are given by the modulus square of the
resonant wave-functions |ψπ*

res(r)⃗|2 calculated using eq 25. The
initial conditions for the WPP are obtained using the iterative
procedure given by eq 26. In the three cases, |ψπ*

res(r)⃗|2 is
characterized by the hybridization between the molecular
LUMO orbital and valence band states of the metal: part of the
density is localized on the molecule and the rest is spread in a
decaying tail inside the metal. The density localized in the
organic part retrieves the lobes as in the π* molecular orbital in

Figure 6. ACA molecule adsorbed on the Cu(100) surface. Survival
probability of the initial state given by the squared modulus of the
autocorrelation function. The WPP is performed using different initial
wave functions. Black line: results obtained using the gas-phase
LUMO orbital as an initial state for the WPP, red line: results
obtained with an initial state of the time propagation extracted from
the iterative procedure and approaching the wave function of the
anion resonance.
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the gas phase. The decaying tail inside the metal corresponds
to the flux of electrons escaping from the decaying quasista-
tionary molecule-localized state into the metal continuum. It
presents oscillations because of the metal atomic layers. In
addition, the flux of electrons outgoing from the molecule into
the metal shows a well pronounced directionality. Thus,
electrons escape from the molecule not along the direction
perpendicular to the surface plane, which is a shortest path to
the metal, and intuitively, the easiest direction of an electron
transfer. In contrast to this simple minded picture, the flux of
escaping electrons is oriented at some angle with respect to the
surface normal.
This effect has been thoroughly studied for the case of

adatoms.13,54 It is a direct consequence of the presence of the
projected band gap (X-gap) of the Cu(100) surface as
explained in Figure 8 where we show the energy dispersion
of the electronic states relevant for the RCT between the
molecule and the metal. Because of the successive reflections
by the atomic planes inside Cu(100), the electron propagation
in the direction perpendicular to the surface is impossible
within the energy range between −3.02 and +3.08 eV with
respect to the vacuum level. This energy range is called the
projected band gap and it is well captured with model potential
for the electron−Cu(100) interaction VMet

model proposed in ref
103 and used in our study. Potential VMet

model depends only on
the electron coordinate perpendicular to the surface, and the
free-electron motion parallel to the surface is assumed leading
to the energy dispersion of the metal continuum states given
using

E
k

m
E

2 z

2

=
*

+
(27)

where m* is the effective electron mass (1 in the present case),
k∥⃗ = (kx,ky) is an electron momentum parallel to the surface,
and Ez describes the electronic structure at the Γ̅ point (kx = ky
= 0) corresponding to electron motion in the direction
perpendicular to the Cu(100) surface. The molecule-localized
quasistationary state at the energy Eπ* is nondispersive and it is
shown with a horizontal line in Figure 8. Obviously, only the
metal continuum states with electron momentum k∥

min ≤ k∥ ≤
k∥
max are energetically available for the decay of the molecular
π* resonance. Here, k∥

min ≃ 0.4 a.u., and k∥
max ≃ 0.9 a.u. can be

obtained from

k m E E

k m E E

2 ( ) ,

2 ( )

min
GB

max
VB

= * −

= * −

π

π

*

* (28)

where EGB is the energy of the bottom of the projected band
gap (−3.02 eV) at Γ̅, and EVB is the energy of the bottom of
the valence band continuum (−12 eV) at Γ̅. As a result of the
projected band structure of the substrate, the flux of the

Table 2. Energy, Eπ*, RCT Decay Rates (Resonance Widths), Γ, and Lifetimes, τ, of the Molecular Anion Resonances
Computed with WPP for ACA, ACN, and ACO Molecules Adsorbed on the Cu(100) Surfacea

regular box large box

ACA ACN ACO ACA ACN ACO

Eπ* −0.580 −0.475 −0.655 −0.582 −0.466 −0.679
Γ (eV) 0.41 0.63 0.59 0.42 0.65 0.59
τ (fs) 1.61 1.04 1.12 1.53 1.01 1.12

aThe calculations are performed using the regular and large spatial extension of the 3D computational mesh.

Figure 7. Electron densities (isovalue = 0.0025 a.u.) associated with
the resonant wavefunctions of the molecular anions of the vinyl
derivatives on Cu(100). Top and lateral views are shown for ACA
(left), ACN (center), and ACO (right). Color code for the atoms:
Cu−orange, C−gray, H−white, N−blue, and O−red.

Figure 8. Energies of the electronic states relevant for the RCT
between molecular anion and metal for the vinyl derivatives adsorbed
on Cu(100) surface. The energies measured with respect to the
vacuum level are shown as function of the electron momentum
parallel to the surface, k∥. The Cu(100) metal is represented with
model potential103 so that the metallic states are characterized by the
free electron energy dispersion k∥

2/2. The continuum of the
electronic states of the metal is shown with hatched areas separated
by the projected band gap. The nondispersing molecule-localized
quasistationary state is shown with a horizontal green line. The metal
continuum states characterized by k∥

min ≤ k∥ ≤ k∥
max are in energy

resonance with molecular localized states. For the sake of
completeness, we also show the surface-localized states of the pristine
surface:103 the surface state resonance and the n = 1 image potential
state.
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electrons propagating into the metal bulk is concentrated
within a given k∥ range, and appears in Figure 7 within at finite
angles with respect to the surface normal.
At this point, it is interesting to compare the earlier reported

results for the alkali adatoms and the present results for
adsorbed molecules. As we demonstrated in Figure 8, the
projected band gap blocks the resonant (energy-conserving)
electron transfer from the adsorbate into the substrate along
the “easiest” direction of the surface normal. For the alkali
adsorbate-localized electronic resonances, the long lifetimes
(≃6 fs for Cs/Cu(100)) have been consequently measured
and calculated.13,54,111 The anion molecular resonances studied
here reveal much shorter lifetimes, which can be associated
with less-efficient stabilization by the projected band gap.
Indeed, as demonstrated for the alkali adatoms, their high
polarizability plays a crucial role. It leads to the shift of the
electron density of the adsorbate-localized state away from the
surface, which enhances the projected band gap effect.111 The
vinyl derivatives studied here lay flat at the surface. The
polarizability in the direction perpendicular to the surface is
small, and the coupling with the substrate is large resulting in
short lifetimes despite the projected band gap is present for the
Cu(100) substrate. This explanation is also supported by the
WPP calculations for the H− ion resonance, where similar
decay rates (of the order of a fraction of eV) have been
reported close to the metal surface in the absorption region.112

Note also that because in the present situation, the resonant
electron transfer leads to a large decay rate of the molecule-
localized resonance, the many-body contribution can be
neglected.111 The many-body effects, associated with inelastic
scattering events between an active electron and electrons from
the metal valence band, typically change the decay rate by ≃20
meV. When needed, the inelastic electron−electron scattering
inside the metal substrate can be accounted for within our
method by using a non-Hermitian (absorbing) potential.113,114

Another important difference between the present results
and earlier calculations for atomic adsorbates consists in the
azimuthal anisotropy of the decay as calculated here. While the
energy resonance conditions are isotropic regarding the final
electron momentum parallel to the surface with no preferential
direction, the results in Figure 7 evidence that the intensity of
the outgoing electron flux has no axial symmetry. It depends
not only on the polar angle θ with respect to the surface
normal, but also on the azimuthal angle ϕ measured in the
plane parallel to the surface between the k∥⃗ and the x-axis
directed along the C1−C2 bond. The orientation of the decay
along the well-defined directions of the k∥⃗, seen in Figure 7 for
vinyl derivatives arises from the properties of the molecular
LUMO orbital of π* character, and it is in sheer contrast with
the findings reported so far for adatoms.13,54

In order to understand the ϕ-dependence of the anion decay
into the metal, let us recall the Bardeen transfer Hamiltonian
theory115−117 routinely applied to explain the STM images or
to address an electron transfer in heterostructures. Within the
transfer Hamiltonian theory, the decay rate of the molecule in
front of the surface is given using the golden rule equation118
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where Mk∥⃗,Ez
are the transition matrix elements between the

localized molecular state ΦLUMO(r)⃗ of the π* character and the
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The integration runs over the surface parallel to the metal
and located at any z position within the tunneling barrier.
Obviously, the k∥⃗ structure of the transition matrix elements
defining the electron flux in different k∥⃗ decay channels reflects
the decomposition of the molecular orbital on the basis of
plane waves parallel to the surface. One remark is in order,
however, regarding the character of the RCT in the present
case. The analysis of the total potential of the system shows
that an electron is transferred between the metal and the
molecule potential wells via the classically allowed over the
barrier transition. Thus, albeit it sheds light on the observed
trends, the transfer Hamiltonian formalism should be
considered here with care.
In order to verify the validity of the qualitative conclusions

drawn from eq 30, we have performed a plane wave
decomposition of the resonance wave function ψπ*

res(r)⃗ for the
fixed position of the analysis plane z = z0. In practice, we
computed the quantity

k z x y r( , , ) d d ( ) e eik x ik y
0

res cos( ) sin( )∫ ∫ϕ ψ= ⃗π
ϕ ϕ

*
− −

(31)

where the components of the parallel momentum are given by
kx = k∥ cos(ϕ) and ky = k∥ sin(ϕ). From the energy
conservation conditions, only the k∥

min ≤ k∥ ≤ k∥
max range has

been considered. For z0 set in the asymptotic region inside the
metal, the molecule-induced potential is screened. Equation 31
corresponds then to the final state analysis and provides the
outgoing wave packet decomposition in the basis of the
eigenstates of the metal Hamiltonian, ψk ⃗∥,Ez

(x,y,z)|z=z0 =

eik∥cos(ϕ)x eik∥sin(ϕ)yχ+(Ez,z)|z=z0, where the outgoing Bloch wave
χ+(Ez,z) is defined by its energy Ez = Eπ* − k∥

2/2m*. In
particular, k z( , , )0

2ϕ| | calculated in the asymptotic region is
proportional to the probability of the RCT from the molecule
to the metal continuum state ψk∥⃗,Ez.

The 2D maps of the k∥⃗ decomposition, k z( , , )0
2ϕ| | , are

shown in Figure 9 for ACA, ACN, and ACO molecules
interacting with the Cu(100) surface. Three different positions
of the analysis plane have been considered: z0 = 2 a.u. between
the molecule and the metal, z0 = 0 corresponding to the first
metal surface layer, and z0 = −6 a.u. (negative z corresponds to
the metal bulk). While z0 = 2 a.u. is not located in the
asymptotic region, for z0 = 0 and z0 = −6 a.u. inside the metal,
a similar pattern is observed indicating convergence toward the
asymptotic solution. Here, the outgoing wave imprints the
gross features of the k∥⃗ decomposition of the molecular LUMO
orbital, which is behind the resonance. For the free-standing
ACO and ACN molecules, ΦLUMO(r)⃗ is illustrated in Figure
10. Using this figure, the maxima in the angular dependence of
|c(kk∥,ϕ,z0)| observed for ACO at ϕ = 45° and ϕ = 135° can be
identified as resulting from the overall orientation of the
ΦLUMO(r)⃗ with respect to the C1−C2 bond (set as x-axis).
Similar explanation holds for the angular dependence of the
final state occupation amplitudes in the case of ACA. The
structure of the LUMO orbital of ACN cannot be
characterized by the overall linear alignment, but rather

Journal of Chemical Theory and Computation pubs.acs.org/JCTC Article

https://dx.doi.org/10.1021/acs.jctc.0c01031
J. Chem. Theory Comput. 2021, 17, 639−654

649

pubs.acs.org/JCTC?ref=pdf
https://dx.doi.org/10.1021/acs.jctc.0c01031?ref=pdf


features two preferential directions rotated by ϕ = 120° in the
(x, y)-plane. Consequently, four maxima are observed in the
angular dependence of the final state population amplitudes in
Figure 9. Interestingly, ΦLUMO(r)⃗ of ACO (Figure 10) features
a 4.6 a.u. spacing between the nodes in the ϕ = 45° direction
leading to the characteristic molecular structure wave vector
k∥
Mol = 0.68 a.u. It falls within the range of the wave vectors in
Figure 9 and it is indicated with a dashed line.
Finally, the remark is in order concerning the essential role

of the energy correction as implemented in the nonlocal
potential given by eq 11. Without the energy correction, the
π*-resonance of the molecular anion shifts to much lower
energy (e.g. Eπ* ∼ −4 eV for the ACO molecule) below the
projected band gap of the Cu(100) surface. The RCT along
the easiest direction perpendicular to the surface becomes
possible. This is possible because the metal continuum states
with 0 ≤ k∥ ≤ k∥

max are now available for the RCT provided that
their energy Ez = Eπ* − k∥

2/2m*. Not only this leads to a faster
decay rate (Γ = 0.65 eV) and the corresponding shortening of

the lifetime of the molecule-localized state (τ = 1 fs) but also
the momentum distribution of the hot electrons injected into
the metal is completely modified.

4. CONCLUSIONS
We have presented a method for studying ultrafast electron
dynamics in complex molecular systems characterized by the
discrete state-continuum interaction. The methodology
grounds on a real-time solution of the TDSE where the
wave function of the active electron is represented on a spatial
mesh of points and the WPP technique is applied. One of the
most important advantages of our approach is that it
incorporates the versatile character of the WPP on real space
grids in describing the propagating continuum states, together
with the realistic electronic structure of the adsorbed molecule.
The electron−molecule interaction potential is obtained from
ground state DFT simulations and it allows the explicit
inclusion of the inner shell electrons. While leading to the
sharp and strong potentials, this choice has a twofold
advantage. First, it guarantees that the KS orbitals representing
the bound molecular states are strictly the same at the ab initio
and WPP levels, which is important as far as the correct choice
of initial state is concerned; second, the scattering of the
continuum electrons by the molecule can be addressed up to
relatively high electron energies relevant, for example, for
studies of attosecond photoemission delays16,65,119,120 or
electron rescattering in the optical field emission.15,66−68

Thus, the technique presented here benefits from the state-
of-the-art ab initio description of the molecular system and,
simultaneously, from the easiness to account for the
continuum states within the WPP.
We illustrate our method with the case study of RCT

processes between the anion states of organic molecules and
the metal surfaces. For the three vinyl derivatives ACA, ACN,
and ACO, adsorbed on a Cu(100) surface, we report the
detailed characterization of molecular localized anion reso-
nance, decaying via electron escape into the continuum of the
electronic states of the metal. The energy, RCT rate, resonant
wavefunction, and decay channels are calculated with WPP
using analysis tools detailed in this work. We introduce a
strategy to compute the potential probed by an active electron
in the RCT, for the molecules adsorbed at metal surfaces. To
this end, we combine (i) a model potential to describe the
Cu(100) metal continuum, (ii) DFT simulations of molecular
adsorption to account for the molecular structure and charge
transfer effects between the molecule and the surface, and (iii)
high level ab initio coupled cluster calculations to determine
the molecular electron affinity. We have found an ultrafast
decay of the molecular localized anion resonances where an
electron escapes from the molecule into the metal on a time
scale below 2 fs. While this result resembles to that observed
earlier with adatoms,13,54 the molecular nature of the adsorbate
leads to the new effects. Namely, the spatial distribution of the
hot electrons, injected into the metal by the decaying
molecules, reveals a highly marked directionality, which can
be rooted back to the structure of the LUMO π* orbital
underlying the anion resonance.
While illustrated here with an example of the lifetimes of

resonances in adsorbed molecules at metal surfaces, our
approach can deal with general problems of electron escape
from molecular systems into a continuum, including the case of
photoionization, triggered by short and intense laser pulses,
process of relevance for attosecond science.

Figure 9. 2D maps of the k∥⃗ decomposition k z( , , )0
2ϕ| | , for the

ACA left column, the ACN central column, and the ACO right
column. The data are shown as a function of the azimuthal angle, ϕ,
and the absolute value of the electron momentum parallel to the
surface, k∥. The analysis plane is parallel to the metal surface and
located between the molecule and the surface (z0 = 2 a.u.), upper row,
at the first atomic layer of Cu(100) (z0 = 0), central row, and inside
the Cu(100) (z0 = −6 a.u.), lower row. The analysis has been
performed for the metal electronic states with k∥

min ≤ k∥ ≤ k∥
max

available for the electron transfer from the molecule localized
resonance. The color code is explained with a horizontal color bar.
The horizontal dashed line indicates the characteristic structure wave
vector of the ACO molecule. For further details, see the text.

Figure 10. LUMO orbital of (a) ACA, (b) ACN, and (c) ACO
molecules in the gas phase. Red and green denote different phases. An
isovalue for the surface of 0.02 a.u. has been used.
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S.; Torrent-Sucarrat, M.; Silkin, V. M.; Krasovskii, E. E.; Kabachnik,
N. M.; Fritzsche, S.; Muiño, R. D.; Echenique, P. M.; Kazansky, A. K.;
Müller, N.; Pfeiffer, W.; Heinzmann, U. Angular momentum-induced
delays in solid-state photoemission enhanced by intra-atomic
interactions. Science 2017, 357, 1274−1277.
(17) Saalfrank, P. Quantum Dynamics of Laser- and Field-Induced
Desorption of Molecules from Metal Surfaces. Int. J. Quantum Chem.
2000, 80, 210−219.
(18) Yang, L.; Epstein, I. R. Chemical Wave Packet Propagation,
Reflection, and Spreading. J. Phys. Chem. A 2002, 106, 11676−11682.
(19) Johnson, R. E.; Bowman, J. M. In Encyclopedia of Physical
Science and Technology, 3rd ed.; Meyers, R. A., Ed.; Academic Press:
New York, 2003; pp 721−744.
(20) Meyer, H.-D.; Worth, G. A. Quantum Molecular Dynamics:
Propagating Wavepackets and Density Operators Using the Multi-
configuration Time-Dependent Hartree Method. Theor. Chem. Acc.
2003, 109, 251−267.
(21) Sielk, J.; von Horsten, H. F.; Krüger, F.; Schneider, R.; Hartke,
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D.; Gallego, J. M.; Miranda, R.; Martín, F.; Otero, R. Tuning
Intermolecular Charge Transfer in Donor-Acceptor Two-Dimensional
Crystals on Metal Surfaces. J. Phys. Chem. C 2017, 121, 23505−
23510.
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Lundqvist, B. I. Van der Waals density functional for general
geometries. Phys. Rev. Lett. 2004, 92, 246401.
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