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The coupling between the molecule-localized electronic states and continuum of the electronic states of the
metal surface is of paramount importance for adsorption dynamics, surface reactivity, as well as for the electron-
and photon-induced processes at metal surfaces. Here, using the model one-active-electron description and
wave-packet propagation approach, we study the resonant electron transfer between the perylene-tetracarboxylic-
dianhydride (PTCDA) molecule and metal substrate from 0.5 nm separations down to the adsorption distances.
We also address the situation where the molecule is lifted up from the substrate using the scanning tunneling
microscope. A detailed comparison with the large amount of available experimental data and ab initio cal-
culations allows us to discuss the validity of the method and the main robust effects driving the lifetimes of
molecule-localized states that it reveals. Thus we show that the symmetry of molecule-localized states strongly
impacts the dependence of the electron transfer rates on the metal band structure and molecule-surface distance.
In addition, in full agreement with recent experimental data on scanning tunneling microscopy manipulation
where an adsorbed molecule is lifted into the vertical geometry, we find an order of magnitude reduction of the
adsorbate-substrate coupling.
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I. INTRODUCTION

When atomic or molecular species interact with metal
surfaces, the atom- or molecule-localized electronic states
are coupled with a continuum of the propagating electronic
states of the metal. As a result, an electron (or a hole) can
be transferred between an atom/molecule and the metal via
the resonant charge transfer (RCT) process. The atom- or
molecule-localized electronic states become quasi-stationary
states (QSs), or resonances, characterized by their energies
and widths given by the RCT rates. In the case of the
atomic and molecular projectiles, the RCT determines, e.g.,
charge states of the projectiles, molecular sticking to the
surface, and electronic excitations [1–7]. For the adsorbates,
the energies and widths (inverse of the lifetimes) of the
QSs [8–13] are the key parameters for many processes at sur-
faces such as reactivity, energy harvesting, electron transport,
and electron-photon coupling in molecular functionalized tun-
neling devices [14–22]. Thus, RCT that is too fast harms the
energy transfer from excited QSs to other deexcitation chan-
nels and might quench, e.g., photon emission or, similarly,
surface reactivity [21–27].

To control, and in particular to increase, the lifetime of
the QSs, the spacer layers such as ionic crystals, hexagonal
boron nitride, or oxides are typically used, allowing one to
decouple the electronic states of an adsorbate and a sub-
strate [24,28–33]. This opens interesting perspectives in using
scanning probes to manipulate charges of adsorbed species
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and to control atomic rearrangements and reactions [34–42].
In addition, it enables the photon emission from the func-
tionalized scanning tunneling microscopy (STM) junctions
following excitation by light or tunneling electrons [43–48].
Photo- or electro-stimulated light emission has attracted much
interest in recent years, in particular in the context of hyper-
resolved photon maps from a single molecule [47,49–52].
For large aromatic molecules, the decoupling can also be
reached by changing the adsorption geometry from the flat
(with molecular plane parallel to the surface plane) to standing
upright or suspended between the substrate and the tip of a
STM [53–57].

The importance of the molecule-metal surface charge
transfer for multiple phenomena involving gas-phase and ad-
sorbed species leads to the need for theoretical support to
explain and program experiments. In this context, the ab initio
approaches typically based on the density functional theory
(DFT) calculations [12,58–63] for the adsorption, and on the
nonequilibrium Green’s function technique for the (inelastic)
transport in molecular junctions [64–67], stand alone as the
state of the art in the field. Nonetheless, an ab initio strat-
egy might be numerically heavy, e.g., in the situations when
the large size of the supercell is needed to describe a sin-
gle adsorbate and to avoid adsorbate-adsorbate interactions,
or when the decoupling spacer layers [32,33] or molecule-
surface distance of some Å result in the long lifetimes and
thus narrow width of the adsorbate- or projectile-localized
electronic states.

The examples above prove an interest in model approaches
to grasp the main physical effects that control the electronic
coupling between an adsorbate and a substrate. One such
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approach is based on the one-active-electron approximation.
An “active” orbital is isolated within the wave function of the
projectile or adsorbate corresponding to the given many-body
state. An electron tunneling is seen as a one-electron energy-
conserving transition between this orbital and electronic states
of the metal, i.e., the RCT. The stationary or time-dependent
one-electron calculations are performed to find and character-
ize the energy of the “active” orbital and the electron transfer
rate. Obviously, strongly correlated systems, such as Kondo
resonance or inelastic tunneling [65–68], cannot be addressed
within this approximation and require explicitly many-body
treatments [69–71]. However, when the decomposition of the
many-body state on the active orbital(s) and spectator part is
possible, the one-active-electron approximation often allows
for a quantitative description of experiments addressing an
excited electron dynamics, and electron transfer for atomic
species interacting with metal surfaces [3,4,10,59,72]. Re-
cently, we introduced the wave-packet propagation (WPP)
approach to describe the electron transfer between organic
molecules and metallic substrates within the one-active-
electron approximation [73–75]. The method is built on earlier
studies of atomic adsorbates [10], and it is based on the rigor-
ous solution of the one-electron time-dependent Schrödinger
equation (TDSE) to obtain the characteristics of the active
orbital such as its energy and width determined by an effective
one-electron potential of the system.

Here, using the WPP description of the RCT, we address
the electron coupling between a large planar chromophore
molecule and metal substrate. Specifically, we study the
3,4,9,10-perylene-tetracarboxylic-dianhydride (PTCDA) in-
teracting with the Ag(111) surface, as sketched in Fig. 1.
The results presented in this work are obtained using dif-
ferent model descriptions of the metal substrate and span
molecule-surface distances ranging from an adsorption dis-
tances to 0.5 nm above metal. Along with visualization of
the decay dynamics provided by WPP, this allows a detailed
discussion of the main effects determining the RCT rates and
energies of the molecule-localized resonances. In particular,
we analyze the effect of the projected band structure of the
metal and its dependence on the symmetry of molecular states.
Furthermore, we study the effect of molecular orientation on
the evolution of the coupling strength between the lowest
unoccupied molecular orbital (LUMO) and the surface upon
lifting PTCDA from the Ag(111) substrate as recently re-
ported [62,63,70]. It is important to stress that the PTCDA
adsorption on Ag(111) has been thoroughly studied in the
surface science community [54,61,63,76–79], and recently it
has been in a focus of the scanning tunneling microscopy
studies of the single-molecule luminescence probed on the
atomic scale [47,80]. Thus, the validity of our conclusions can
be confirmed by the semiquantitative agreement between the
WPP results and the experimental and ab initio data.

The paper is organized as follows. In Sec. II, we outline the
model description of the resonant charge transfer between the
adsorbed molecule and metal substrate. Section III is devoted
to the discussion of the WPP results and their comparison
with experimental data. Section IV presents the summary and
conclusions.

Atomic units are used throughout this paper, unless
otherwise stated.

(a)

(b)

(c)

FIG. 1. Sketch of the studied system. (a) The atomic structure
of the planar PTCDA molecule consisting of oxygen (red), carbon
(dark gray), and hydrogen (light gray) atoms. (b) The geometry
of the adsorbate-substrate system. The adsorption distance d is
measured between the image plane of the metal and closest atoms
of the PTCDA (oxygen atoms). The molecular plane rotates by
the angle α around the axis given by the O1 and O2 atoms. For
α = 0, the geometry corresponds to the molecule adsorption on
Ag(111) [76], and varying α represents molecule manipulation with
a STM tip [62,63,70]. (c) The wave function of the highest occu-
pied molecular orbital (HOMO), LUMO, LUMO+1, and LUMO+2
molecular orbitals calculated with wave-packet propagation for the
freestanding PTCDA molecule. Results are shown at 1 a.u. above the
molecular plane to avoid the node of the wave function of the π elec-
tron system. The red (blue) color stands for the positive (negative)
values.

II. ONE-ELECTRON DESCRIPTIONS OF THE RESONANT
CHARGE TRANSFER BETWEEN ADSORBED

MOLECULE AND METAL SUBSTRATE

A. The wave-packet propagation

Our description of the RCT between the PTCDA molecule
and metal substrate builds on earlier developments of the
WPP approach [10,73–75]. Essentially, one calculates the en-
ergies and widths (RCT rates) of the active molecular orbitals
broadened into the resonances because of the coupling with
metal. To this end, one considers that an electron active in
RCT is transferred between molecular and metallic wells of
an effective one-electron potential. The electron dynamics is
addressed directly in the time domain. We outline here the
main ingredients of the method.

The wave function of an electron active in RCT, ψ (�r, t ),
evolves in time according to the TDSE,

i
∂

∂t
ψ (r, t ) = [T̂ + V (r)]ψ (r, t ), (1)

where T̂ = − 1
2∇2 is the kinetic energy operator, and V (r) is

the one-electron effective potential detailed below.
The time-dependent wave function ψ (r, t ) and poten-

tial V (r) are represented on a three-dimensional (3D) mesh
of equidistant points in (x, y, z) coordinates, which allows
us to use the Fourier-grid pseudospectral approach [81–85]
for the kinetic energy operator. In the x, y, and z direc-
tions, the mesh typically comprises 1024 nodes with 0.11 a.u.

spatial step. The initial condition ψ0(r) ≡ ψ (r, t = 0) is
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often given by the orbital of the freestanding molecule
identified as an orbital active in RCT; however, other choices
are also possible [10]. The ψ (r, t ) is obtained using the short-
time split-operator propagation scheme [81,82], with time
step �t = 0.025 a.u. (∼0.6 as). Finally, analysis of ψ (r, t )
provides resonance energies Em, charge transfer rates �m

(or resonance widths), and energy-resolved wave functions
ψ (r, Em), m = (LUMO, LUMO + 1, LUMO + 2) of the ac-
tive molecular orbitals broadened into the resonances by an
interaction with the substrate [10,73]. Thus, the autocorre-
lation function A(t ) = ∫∫∫

ψ∗
0 (r)ψ (r, t )d3r can be used to

obtain the projected density of electronic states as function
of electron energy E ,

n(E ) = 1

π
Re

{∫ ∞

0
A(t )eiEmt dt

}
. (2)

Re{Z} stands for the real part of the complex number Z .
The molecule-localized quasistationary states appear as res-
onances in n(E ) and their energies and decay rates can be
obtained from the resonance energies and widths. Alterna-
tively, the autocorrelation function can be fitted by the sum of
decaying exponentials, A(t ) = ∑

j a je−i(Ej−i� j/2)t . Here, for
some j corresponding to the contribution of the quasistation-
ary states, Ej and � j converge with number of terms and
maximum propagation time. The resonance wave function is
obtained as

ψ (r, Em) = 1

π

∫ ∞

0
ψ (r, t )eiEmt dt, (3)

and it allows an intuitive visual insight into the RCT process
(see below).

B. The model one-electron potential

An effective one-electron potential of the system is a
model potential given by a sum of several terms: the electron-
molecule interaction VM(r), the electron interaction with
metal substrate VS(z), the change of the electron-metal inter-
action because of the presence of the molecule �VS(r), and
the absorbing potential Va(r),

V (r) =
{

VM(r) + VS(z) + �VS(r) + Va(r), z � 0

VS(z) + Va(r), z < 0.
(4)

The electron-molecule and electron-metal model potentials
are set independently for the gas-phase molecule at infinite
separation from the metal and for an infinite perfect metal
without an adsorbate. Using z axis perpendicular to the sur-
face, the metal is located at z < 0, and the metal/vacuum
interface z = 0 corresponds to the position of the image plane
of the metal. For Ag(111), it is located at 2.2 a.u. (1.17 Å)
above the plane of the surface atoms [86]. As follows from
Eq. (4), the model employed here enforces full screening of
the electron-molecule interaction VM(r) inside the metal for
z � 0. Below we explain the different potential terms.

The electron-molecule interaction potential VM(r) =
V L(r) + V NL(r) is calculated for the freestanding PTCDA
with equilibrium geometry of the neutral molecule [87], i.e.,
we neglect atomic rearrangements upon adsorption [88–90]
and STM manipulation [62,63,70]. This choice, however, is

not mandatory and one can use molecular geometries deter-
mined ab initio to account for atomic rearrangements at the
price of making the methodology numerically heavier. The
local V L(r) and nonlocal V NL(r) contributions are obtained
from the ab initio quantum chemistry density functional the-
ory (DFT) calculations within the local density approximation
with Perdew-Wang correlation energy [91], as implemented
in the ABINIT package [92]. The local potential is given by
the sum of Hartree and exchange-correlation potentials. The
nonlocal potential in the Kleynman-Bylander form [93] rep-
resents an electron interaction with cores of individual atoms
forming the molecule.

It is important that the energies Em of the active orbitals
are representative for the energies of the many-body states
with respect to the vacuum level and the Fermi energy of the
substrate, EF . Indeed, the Fermi statistics is introduced ad hoc
a posteriori by requiring that the RCT rates �m calculated
within the one-electron approximation characterize an elec-
tron loss into the metal for the active orbitals with energies
above EF , and an electron capture from the metal (subject to
the spin statistics) for the active orbitals with energies below
EF . Considering the charge transfer dynamics, the method
therefore does not apply in the situations where the finite-
temperature effects are important. It is worth noting that an
electron capture from the metal can be alternatively presented
as a hole loss into the metal, which appears to be handy in
certain situations.

It follows from the experimental data that the PTCDA
molecule is adsorbed on the Ag(111) surface as an anion
with occupied LUMO resonance located below the Fermi
level [61,76,80,88,89,94,95]. Since the molecular anion is
formed by an electron attachment to the neutral molecule, for
the freestanding PTCDA, the binding energy of the LUMO
with respect to the vacuum level should represent the electron
affinity Ea. However, since Koopmans’ theorem [96] does not
apply for the DFT, the ABINIT results (4.9 eV) fail to reproduce
the data reported in the literature (3.25 eV [97], 3.07 eV [98]).
In some cases, the agreement can be improved by using com-
plex density functionals; however, in order to efficiently apply
the WPP technique, we use a different strategy. Based on the
results reported in Ref. [97], we set the V L(r) potential as
follows:

V L(r) = ζV L
0 (r) + (1 − ζ )V L

− (r), (5)

where V L
0 (r) is the local potential obtained with ABINIT for the

freestanding neutral molecule, and V L
− (r) is the local potential

calculated for the freestanding molecular anion with geometry
given by that of the neutral molecule, and assuming 1/2 oc-
cupation of the frontier orbitals of both spins. For ζ = 0.32,
from the WPP calculations for the freestanding molecule we
obtain the energy of the LUMO orbital, ELUMO = −3.19 eV,
with respect to the vacuum level in good agreement with the
PTCDA affinity reported in Refs. [97,98]. We also obtain that
the energies of unoccupied orbitals, ELUMO+1 = −1.88 eV
and ELUMO+2 = −1.85 eV. The energy difference between
LUMO+2 and LUMO is then close to the D−

1 → D−
0 spec-

tral line of the PTCDA anion [80]. The configuration with
empty LUMO orbital and singly occupied LUMO+2 can
then be seen as representation of the D−

1 many-body state
of PTCDA [80]. It is important to realize that the electron-
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molecule interaction is determined such that it reproduces
the many-body energies of the freestanding molecule. No
parameter adjustment is performed a posteriori to fit the ex-
perimental or ab initio results for the molecule interacting
with metal.

The change of the electron-metal interaction because of the
presence of the molecule �VS(r) is set as

�VS(r) =
{

−V L[x, y,−(z + d )], z > 0

0, z � 0.
(6)

This choice guarantees that at the image potential plane de-
fined with r = (x, y, 0), the local part of the electron-molecule
interaction is fully screened, V L + �VS = 0. Since the nonlo-
cal potential V NL(r) consists of very short-range contributions
around the atoms within the molecule (the nonlocal potential
range is smaller than the molecule-surface distance d), we also
obtain that VM + �VS = 0 at the image plane.

The electron-metal substrate interaction potential VS(z)
is represented with an analytical model potential which is
only a function of the electron coordinate z measured along
the surface normal. The free-electron motion parallel to the
surface is assumed. To address the role of the band structure
of the substrate in RCT, we use two representations of the
metal substrate. The first is given by the free-electron (jellium)
model potential of Jennings et al. [99]:

VS(z) =
{− 1

4z {1 − e−λz}, z > 0
U0

AeBz+1 otherwise.
(7)

It smoothly joins the constant potential U0 inside the metal
with −1/4z image potential for an electron in vacuum. We use
U0 = −12 eV for the conduction-band bottom and parameter
λ = 1.171 a.u., consistent with the Ag(111) model potential
discussed below. Parameters A and B > 0 are obtained re-
quiring continuity of potential and its derivative. The second
representation of the metal substrate is given by the Ag(111)
model potential (see Ref. [86] for an analytical expression and
values of the parameters). It correctly reproduces the Ag(111)
projected band structure at the �̄ point; in particular, the pro-
jected band gap (L gap), where an electron cannot propagate
inside metal in the z direction perpendicular to the surface
within the energy range from −4.96 to −0.66 eV with respect
to the vacuum level, and the bottom of the 2D surface-state
continuum. Within the surface-state continuum, an electron
is bound to the surface in z direction and propagates freely
parallel to it. At the �̄ point, the surface state is at −0.065 eV
with respect to the Fermi level, i.e., at −4.625 eV with respect
to the vacuum level considering the work function of Ag(111)
of 4.56 eV [86]. In the past, both representations of the metal
substrate were successively used in surface science to describe
the excited electron dynamics at surfaces [10,100,101].

Finally, the absorbing potential Va(r) is introduced at the
boundaries of the computational box, and it is zero in the
“analysis” region inside the computational box. The analy-
sis region is used for the extraction of the characteristics of
the molecule-localized resonances. Developed in the context
of the quantum WPP calculations of scattering and reaction
dynamics [83,102–106], the absorbing potential allows one
to impose the outgoing wave boundary conditions consistent

with calculation of the decaying molecule-localized states.
Given the localization of the initial wave function, the electron
wave function evolution inside the analysis region of the finite
computational mesh is then equivalent to the wave-function
evolution in the analysis region being part of the infinite space.
We use the quadratic form of the absorbing potential. As
an example, for the molecule oriented parallel to the free-
electron metal surface, the mesh is symmetric in the x and
y coordinates, with −R � x � R,−R � y � R. The mesh in
the z coordinate is defined by z− � z � z+ (typically, we use
z− = −84 a.u., z+ = 30 a.u., where the geometrical center of
the molecule is at x = y = 0, z = d). The absorbing potential
in this situation is given by

iVa(r) = χ �[|x| − (R − L)][|x| − (R − L)]2/L2

+ χ �[|y| − (R − L)][|y| − (R − L)]2/L2

+ χm �[(z− + Lm) − z][(z− + Lm) − z]2/L2
m

+ χv �[z − (z+ − Lv )][z − (z+ − Lv )]2/L2
v, (8)

where �(x) is the step function, L = 15 a.u. is the range of the
absorption area in the x and y coordinates, Lm = 50 a.u. (Lv =
10 a.u.) is the metal (vacuum) range of the absorption area
in the z coordinate, and the amplitudes χ = 0.2 a.u., χm =
0.25 a.u., and χv = 0.15 a.u.

III. ELECTRON TRANSFER BETWEEN PTCDA
MOLECULE AND METAL SUBSTRATE

A. Energies and electron transfer rates of the PTCDA
molecule-localized resonances

In Fig. 2, we show the energies Em and reso-
nant charge transfer rates �m or, equivalently, widths
of the PTCDA molecule-localized resonances with m =
(LUMO, LUMO + 1, LUMO + 2) character. The molecule is
placed in front of the metal surface at a distance d measured
from the image plane. The molecular plane is parallel to the
metal surface, as sketched in Fig. 1 for α = 0. The WPP
calculations are performed for d varying from ≈6 Å down to
the adsorption distances dads. For the Ag(111) surface, it was
found that PTCDA adsorbs at 2.9 Å from the surface layer of
atoms [63,76,89,90,107], i.e., dads ≈ 3.3 a.u. from the image
plane. Here, we used dads = 3.5 a.u. Studying the distances
d > dads is of relevance for situations where the molecule is
separated from the metal by the dielectric spacer layer(s), such
as ionic crystals, which can be modeled by the vacuum gap of
a given width [108].

We compare results of the WPP calculations performed us-
ing the jellium and Ag(111) [86] model potential description
of the metal. While the free-electron model results provide
general trends of the molecule coupling with metal, the band
structure of the latter might significantly affect the RCT,
as has been discussed for the case of atomic adsorbates at
surfaces [10].

The energies of the LUMO, LUMO+1, and LUMO+2
resonances obtained with two descriptions of the metal
[Fig. 2(a)] are very close to each other. Indeed, the shift of the
resonant energies Em with respect to the energies of the free-
standing molecule orbitals, E0

m, can be roughly estimated from
the perturbation theory as an external potential at the center of
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FIG. 2. PTCDA molecule in front of the metal surface. (a) En-
ergies and (b) widths (RCT rates) of molecule-localized resonances
with LUMO (red), LUMO+1 (blue), and LUMO+2 (green) charac-
ter [see the inset of (b) for the color code]. The WPP results for the
free-electron metal substrate are shown with solid lines, and the WPP
results for the model Ag(111) substrate are shown with (a) circles and
with (b) dashed lines with circles. The molecular plane is parallel to
the metal surface, as sketched in the inset of (b). Results are shown as
a function of the distance d between the molecular plane and image
potential plane of the metal. The horizontal black line labeled as EF

in (a) indicates the Fermi level of the metal. Specific energies of the
model Ag(111) surface are shown in (a) with horizontal blue lines:
the surface-state energy at the �̄ point is ES, and the bottom of the
projected L gap at the �̄ point is EL. The vertical blue line in both
panels indicates the adsorption distance dads.

the molecule, Em ∼ E0
m + {VS(d ) + �VS[r = (0, 0, d )]}. To a

large extent, it is thus determined by the image part of the
electron-metal interaction potential with −1/4d dependence
on d , which is the same for the free-electron and Ag(111)
model potential description of the metal.

Recall that within the present approach, the many-body
ground state of molecular anion PTCDA− is mapped into
the single-electron occupying LUMO, while its excited states
are mapped into the single-electron occupying LUMO+1 or
LUMO+2 orbitals. The downshift of the active orbital energy
reflects an interaction of molecular anion with its electrostatic
image created by the metal surface and leading to the higher
electron detachment energy [76,89,109–112]. Close to the

surface, for d < 8 a.u., ELUMO < EF, i.e., the LUMO is at
energy resonance with occupied electronic states of the metal.
The LUMO+1 and LUMO+2 are at energy resonance with
unoccupied electronic states above EF.

In accord with earlier studies [61,76,95,97], we obtain that
the molecule adsorbs as a negative ion with occupied LUMO
resonance at 1 eV below the Fermi level for d = dads. The ex-
perimental and ab initio studies report ELUMO ≈ 0.5 eV below
EF [61,63,88,94,95,113]. Despite this discrepancy, the one-
electron model performs reasonably well given its simplicity
where the atomic rearrangements and complex electronic
structure of the metal/molecule interface are not accounted
for. Interestingly, a similar energy difference between ELUMO

and EF has been reported for the PTCDA adsorption on spacer
ionic crystal layers on metal [47,114]. This can be attributed
to the high static dielectric constant of ionic crystals and
thus image charge effects similar to that of metal (see, also,
Ref. [38]).

The RCT rates �m calculated with WPP [Fig. 2(b)]
decrease exponentially with increasing d . The exponential
decrease of the RCT rates when separating the molecule
from the surface by a spacer layer (here, vacuum) reflects the
decoupling of the molecule-localized electronic states from
that of the metal substrate. This effect of the spacer allows
one to reach sufficiently long lifetimes of molecule-localized
electronic states so that the scanning probes can be utilized
to manipulate charges of adsorbed species and to control
atomic rearrangements and reactions [34–42], as well as to
study the atomically resolved photon emission from unique
molecules [43–49]. Interestingly, representing RCT rates in
the form �(d ) = γ e−σd , we obtain the exponential decay
constant σ ≈ 2 Å−1 so that vacuum is a more efficient spacer
than NaCl, where σ ≈ 1.1 Å−1 has been found experimentally
for the H2Pc molecule [33] (we considered that the width of
the NaCl monolayer is 2.8 Å [115–117]).

For the adsorption distance, and up to d = 6 a.u., ELUMO

is below the projected band gap of Ag(111) and it is close to
the projected band-gap edge for larger d . In this situation, the
RCT is only mildly affected by the metal band structure ef-
fects, as evidenced by the WPP results showing similar �LUMO

for both descriptions of the substrate [free-electron metal and
Ag(111)]. For the molecule adsorbed on the Ag(111) surface
we find that �LUMO = 92 meV corresponding to the 7 fs
electron transfer time between an adsorbate and the substrate.
This is consistent with the experimental findings and ab initio
calculations. Thus, �LUMO = 440 meV was deduced using
a vibrational frequency as a clock [118]; and �LUMO = 50–
125 meV can be obtained from the study of the Kondo effect
reported in Ref. [70] using intraorbital Coulomb repulsion
U = 0.5–1.0 eV calculated ab initio [62,63]. Moreover, the
200 meV broadening of the LUMO resonance measured ex-
perimentally and calculated ab initio has been reported by the
Tautz group [63,88].

Interestingly, the RCT rates calculated for the LUMO+1
and LUMO+2 resonances are at odds with the common wis-
dom gained in studies of the RCT between atomic species and
metal surfaces [10,119,120].

First, for the free-electron metal surface, the lower binding
energies of the LUMO+1 and LUMO+2 orbitals as compared
to LUMO lead to the (i) lower potential barrier for an electron
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FIG. 3. Decaying resonances. Top row: Wave functions of LUMO, LUMO+1, and LUMO+2 orbitals of the freestanding PTCDA
calculated with wave-packet propagation. Results are shown at 1 a.u. above the molecular plane to avoid the wave-function node of the
π -electron system. The red (blue) color stands for the positive (negative) values. The dashed gray lines indicate the location of the (x, z) and
(y, z) planes used below for the 2D maps of the probability density of the corresponding resonances for the molecule adsorbed on metal.
Middle and bottom rows: Analysis of the decay of the PTCDA anion placed at d = 5 a.u. in front of the free-electron metal (jellium,
middle row) and Ag(111) metal (bottom row). The geometrical center of the molecule is located at (x = 0, y = 0, z = d ). Interpolated
2D (x, z) and (y, z) maps of the probability density �m(r) = |ψ (r, Em )|2 calculated with WPP for the PTCDA-localized resonances with
m = (LUMO, LUMO + 1, LUMO + 2) character. The position of the analysis (x, z) and (y, z) planes is indicated in the top row. Results are
shown in the logarithmic scale ln(�m ) covering the e−12 → 1 range of �m. The color code is explained in the inset of the leftmost panel of the
jellium results. The white dotted horizontal line in all panels shows the position of the (x, y, z = 0) image plane of the metal. The metal is at
z < 0 and vacuum is at z > 0.

tunneling between the molecule and the metal, and (ii) larger
spatial extension of their wave functions. One thus would
expect that �LUMO+1 and �LUMO+2 are essentially larger than
�LUMO, and their exponential decrease with increasing d
is slower [119,120]. However, this intuitive picture is not
confirmed by the present WPP results that show �LUMO ≈
�LUMO+1. It is only �LUMO+2 that appears somewhat larger
at d � 6 a.u. and features a slower exponential decrease
with d .

Second, for the Ag(111) model incorporating the projected
band structure, the ELUMO+1 and ELUMO+2 are located within
the L gap of the substrate. The corresponding propagating
electronic states of the metal are removed from the adsor-
bate coupling with substrate, and the RCT in the direction
perpendicular to the surface is not possible. Since this is the
shortest and thus preferential direction of the RCT, one would
expect that the RCT rates are reduced as compared to the free-
electron metal surface. This tendency has been reported in a
number of studies of atomic adsorbates on metal surfaces [10]
(see, also, Refs. [73,74]). However, the results reported in
Fig. 2(b) for the PTCDA anion clearly show different trends,
with ELUMO+1 and ELUMO+2 larger for the model Ag(111) as
compared to the free-electron metal.

In order to elucidate the orbital and substrate dependence
of the RCT, we analyze the wave functions of molecule-
localized resonances calculated with WPP.

B. Wave functions of the quasistationary molecular orbitals

The 2D maps of the wave functions of the PTCDA
molecule-localized resonances are shown in Fig. 3. These
states decay via an electron (LUMO+1, LUMO+2) or hole

(LUMO) transfer into the surface, which can be visualized
from the associated probability density �m(r) = |ψ (r, Em)|2,
where m = (LUMO, LUMO + 1, LUMO + 2). The molecule
is placed at d = 5 a.u. in front of the free-electron metal sur-
face (middle row) and model Ag(111) surface (bottom row).
Results are shown in the (x, z) and (y, z) planes perpendicular
to the surface (see top row of panels for the positions of the
analysis planes).

The number of features is common for both representations
of the metal. Thus, the resonance wave functions in vacuum
above the surface (z > 0) closely resemble the orbitals of the
freestanding molecule. Inside the metal (z < 0), the probabil-
ity density reflects the outgoing electron (or hole) flux leaking
into the metal bulk because of the population decay of the
molecule-localized state. The symmetry and the structure of
the molecular orbitals imposes the gross pattern of the decay.
For example, even though the adsorbate/substrate coupling
is typically strongest along the direction perpendicular to the
surface corresponding to the lowest potential barrier between
the two, there is no outgoing probability flux along the z axis
for the resonances with LUMO and LUMO+2 character. This
is because their wave functions are antisymmetric with respect
to y → −y (LUMO) or x → −x and y → −y (LUMO+2)
transformations. Similarly, one observes that along with sym-
metry constraints, the RCT for the free-electron metal and
Ag(111) involves preferentially electronic states of the metal
continuum propagating in certain directions.

This latter finding can be explained using the perturbation
theory for rearranging collisions [121,122] and considering
the translational symmetry of the model metal potentials
in a direction parallel to the surface. The coupling matrix
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elements Vm(k||) between molecular-orbital ψm(r) and metal
states �(r, k||, Em) = φ(z, E⊥) exp(ir||k||) can be found from
Vm(k||) = ∫∫∫

φ∗(z, E⊥) exp(−ir||k||)VS(z)ψm(r)d3r, where
r|| (k||) is the radius vector (momentum) parallel to the sur-
face and Em = E⊥ + k2

‖/2. Thus, Vm(k||) depends on the 2D
Fourier transform of the molecular orbital, which results in
the multiray structure of the outgoing probability flux. Sim-
ilar conclusions can be obtained from the Bardeen theory of
electron tunneling [73,74].

The symmetry and the complex structure of the coupling
between molecule-localized electronic states and those of the
metal continuum affect an efficiency of the RCT. Thus, the
LUMO+1 resonance has essentially lower binding energy
than LUMO resonance, and therefore the barrier for electron
tunneling from LUMO+1 to the metal is, overall, lower so
that the RCT should be faster. However, the decay of the
LUMO orbital involves metal continuum states with smaller
electron momentum along the x axis kx, i.e., electrons can
be transferred closer to perpendicular to the surface direc-
tion, which increases the efficiency of the RCT [compare the
(x, z) maps of LUMO and LUMO+1 resonances in Fig. 3].
As a net result, for the free-electron metal, this finally leads
to �LUMO ≈ �LUMO+1 (see Fig. 2). For the Ag(111) surface,
�LUMO < �LUMO+1 which reflects the role of the metal band
structure and, in particular, of the decay into the 2D surface-
state continuum, discussed below.

Along with features common for the free-electron and
Ag(111) surfaces, it follows from the WPP results in Fig. 3
that the band structure of the metal produces apparent as well
as more subtle differences in the decay. Thus, the oscilla-
tions in �m(r) inside Ag(111) reflect the periodic arrangement
of the atomic planes parallel to the surface. As we already
pointed out, for molecule-localized states with energies inside
the projected band gap of Ag(111), the RCT along the surface
normal is not possible. The outgoing flux can only exist at
a finite angle from this direction [10,73,74], similarly to the
situation imposed by the symmetry. The band structure effect
is absent for the LUMO resonance with energy below the
L gap. For the LUMO+1 orbital and for the (x, z) map for
the LUMO+2 orbital, a careful comparison of the probability
density inside the free-electron metal and Ag(111) shows that
for Ag(111), the decay along the surface normal is suppressed.
For the (y, z) map of the LUMO+2 resonance, this effect is
masked by the symmetry constraints. Observe that despite
the removal of some efficient decay channels, the RCT rates
of the resonances with LUMO+1 and LUMO+2 character
shown in Fig. 2(b) are larger for Ag(111) and smaller for the
free-electron metal, as we pointed out before.

This is because for the molecule placed in front of the
Ag(111) surface, there is an additional efficient RCT chan-
nel associated with resonance population decay into the 2D
surface-state continuum [10,74]. The 2D surface-state con-
tinuum of the (111) surfaces of noble metals corresponds to
the electronic states propagating parallel to the surface. The
energy dispersion of the surface continuum states is given by
E2D(k‖) = ES + k2

‖/2. For the molecule-localized resonances
with energies Em > ES, which is the case for LUMO+1
and LUMO+2, this decay channel involves the electronic
states of the surface-state continuum with k‖ = √

2(Em − ES).
It manifests itself as probability density flux propagating

FIG. 4. Role of the surface-state continuum in RCT. The pan-
els of the figure show interpolated 2D maps of the probability
density �m(x, y, z = 0) = |ψ (x, y, z = 0, Em )|2 calculated within the
image plane of the metal for the PTCDA-localized resonances with
m = (LUMO, LUMO + 1, LUMO + 2) character. The molecule is
at d = 5 a.u. above the surface. Results are shown in the logarithmic
scale covering the e−10 → 1 range. The color code is explained in
the insert.

parallel to the metal surface with maximum close to the
position of the image plane (z = 0, white dashed line) which
is apparent in the (y, z) (LUMO+1) and (x, z), and (y, z)
(LUMO+2) maps in the bottom row of Fig. 3. The energy
of the LUMO resonance is below the surface-state continuum
for the molecule-surface distances below d = 6 a.u. so that
this RCT channel is closed.

The decay of the molecule-localized resonances into the
2D continuum of states propagating along the metal surface
is further confirmed in Fig. 4, which shows the probability
density of resonant wave functions |ψ (x, y, z = 0, Em)|2 cal-
culated within the image plane of the metal. The PTCDA
molecule is placed at d = 5 a.u. in front of the Ag(111) sur-
face. While no outgoing probability flux is seen for the LUMO
resonance, the LUMO+1 resonance features directional de-
cay along y. Similarly to the above discussion of the decay
into the 3D metal bulk continuum, the directionality of the
decay into the 2D surface-state continuum stems from the k||
dependence of the coupling matrix elements between molec-
ular orbital ψm(r) and electronic states of the 2D surface-state
continuum φS(z, ES) exp(ir||k||), where Em = ES + k2

‖/2, and
φS(z, ES) is the bound state wave function of the surface
state at the �̄ point (k‖ = 0). The LUMO+2 resonance has
the strongest coupling with the surface-state continuum and
features an intense four-lobe decay pattern constrained by
the orbital symmetry. This is consistent with the strongest
increase of the RCT rate, �LUMO+2, as compared to the free-
electron metal [see Fig. 2(b)].

C. Controlling molecule-surface coupling
with STM manipulation

Controlling the lifetimes of molecule-localized resonances
can be achieved not only varying the molecule-surface
distance with spacer layers, but also changing the ad-
sorption geometry. We consider here an evolution of the
PTCDA-molecule/Ag(111)-metal interaction during the STM
manipulation. As has been thoroughly studied experimentally
and using ab initio approaches [62,63,69,70], when the STM
tip contacts one of the carboxylic oxygen atoms of PTCDA,
a bond is formed. Upon retracting the tip, the molecule is
lifted up, while keeping the contact with the substrate at the
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(a)

(b)

FIG. 5. Evolution of the coupling between the LUMO orbital of
the PTCDA anion and free-electron metal upon molecular manip-
ulation with STM sketched in the inset of (a). (a) Charge transfer
rate �LUMO as a function of molecular elevation h. Blue dots: ex-
perimental data from Ref. [70] obtained assuming the intraorbital
Coulomb repulsion U = 1.0 eV. The WPP results are shown with a
red dashed line marked “theory”. Red dashed line marked “theory,
shifted” shows the WPP data, where the elevation h has been offset
by +200 pm to account for the difference between the simplified
geometry considered here and a realistic molecular deformation upon
elevation [62,63]. The hatched area shows the theoretical uncertainty
because of the model geometry. For further details, see the text.
(b) The interpolated 2D (x, z) maps of the probability density of the
molecule-localized resonance with LUMO character (see Fig. 3 for
the definition of the analysis plane). The ln[|ψ (x, y0, z, ELUMO)|2]
(y0 = 1 a.u.) is shown as a function of the x and z coordinates for
molecular elevation h = 0, h = 222 pm, and h = 435 pm. For h = 0,
the molecule is at d = 5 a.u. above the surface. The color code is
explained in the inset. The black horizontal line shows the position of
the (x, y, z = 0) image plane of the metal. The origin of the abscissa
axis x = 0 corresponds to the geometrical center of the molecule
located parallel to the surface (h = 0). The metal is at z < 0 and
vacuum is at z > 0.

opposite end. This situation is schematically sketched in the
inset of Fig. 5(a) and in Fig. 1(b). The large mechanical
tunability of the system has been used to address the Kondo
regime [62,63,69,70]. In addition, the RCT rate between the
LUMO resonance and Ag(111) substrate has been experimen-
tally found to vary by an order of magnitude upon molecular
lift up [70].

To study to which extent the above experimental find-
ing can be addressed using a simple model, we applied the
WPP approach considering that the flat rigid molecule rotates
around the axis formed by the carboxylic oxygens opposed
to the STM tip [see Fig. 1(b)]. In reality, the molecule ex-
periences torsion and bending deformations that have been

demonstrated ab initio [62,63]. Since the RCT rates between
the molecule and the tip are essentially smaller than those
between the molecule and the metal [70], we neglected the
interaction between an active electron and the tip. As a further
simplification, given that the RCT rates between the LUMO
resonance and metal substrate are nearly independent of the
projected band structure (see Fig. 2), we used the free-electron
representation of the metal, allowing us to further reduce the
numerical effort.

The calculated evolution of the RCT rate �LUMO upon
molecular lift up is reported in Fig. 5(a). The WPP results
are compared with the experimental data from Ref. [70],
where the molecule-surface coupling strength was deduced
from an analysis of the Kondo temperature and conductance
of the junction. The present approach reproduces the experi-
mentally determined �LUMO for the molecule adsorbed on a
metal surface (h = 0), as has already been discussed above.
For molecular elevation h within the 600–800 pm range, the
calculated RCT coupling drops by an order of magnitude and
basically reaches the limit of the vertical upright geometry
where the molecule is positioned vertically perpendicular to
the surface (h ≈ 1000 pm). In this latter situation, in agree-
ment with experiment, we find �LUMO = 9 meV, i.e., ≈72 fs
timescale for the RCT. We obtain a similar (an order of mag-
nitude) reduction of �LUMO+1 and �LUMO+2 for the change
of the adsorption geometry from parallel to perpendicular to
the surface. In Fig. 5(b), we show the interpolated 2D (x, z)
maps of the probability density of the molecule-localized res-
onance with LUMO character calculated for different values
of elevation h. The modification of the wave function inside
metal with increasing h illustrates the adsorbate decoupling
from the substrate upon changing the absorption geometry
from a flat to upright standing molecule. Primarily, this is
reflected in an overall reduction of the probability flux leaving
the molecule-localized state.

While the experimentally determined RCT rates are repro-
duced at two extreme points of molecular manipulation, there
is an essential difference between experiment and theory in
the intermediate-h range. Indeed, �LUMO calculated with WPP
decreases immediately as soon as h is increased. In the ex-
perimental data, the variation of the properties of the LUMO
resonance is delayed [63,70]. This is a direct consequence
of the PTCDA deformation not accounted for in the present
study. Because of the bending and torsion of the molecule, the
oxygen from the second carboxyl group starts to lift up and
follow the tip only for h > 200 pm, as has been demonstrated
ab initio [63]. The red dashed line marked “theory, shifted”
shows the WPP data, where the elevation h has been offset by
+200 pm to account for this effect. Obviously, an agreement
between experiment and theory is improved. However, this is
an upper estimate of the effect of the molecular deformation
since an average molecular elevation will be between the
limits given by the two dashed lines in Fig. 5(a).

Before closing this section, we would like to point out that
reduction of the RCT rates for the molecule standing upright
at the surface is of importance for molecular fluorescence in
plasmonic junctions. Recently, the interplay of radiative and
RCT decay channels of the excited state population has been
addressed theoretically for molecular chromophores adsorbed
on a metal surface, and a metal surface with a spacer layer
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TABLE I. Properties of the resonance with LUMO character for the PTCDA molecule adsorbed on the Ag(111) surface (parallel geometry)
or lifted up perpendicular to the metal surface by an STM manipulation. Binding energy refers to the Fermi level assuming the work function
of Ag(111) surface of 4.56 eV [86]. The WPP results are compared with experimental data and ab initio calculations. For Ref. [70], �LUMO can
be obtained using intraorbital Coulomb repulsion U = 0.5–1.0 eV calculated ab initio [62,63].

Binding energy, parallel Width, parallel Width, perpendicular
ELUMO (meV) �LUMO (eV) �LUMO (eV)

Experiment, ab initio 300–500 [61,63,88,94,95,113] 65–131 [70], 200 [63,88], 440 [118] 4.5–9 [70]
Present WPP 1030 92 9

of ionic crystal within a gap of plasmonic antenna [108]. The
RCT rates within the 10 meV range as obtained here for the
molecule oriented perpendicular to the surface should allow
one to observe molecular fluorescence [108]. This is while
the molecule is in direct contact with metal. For the molecule
adsorbed on a metal in a flat geometry, the photon emission is
impossible without the spacer layer [24,28,30,42].

IV. SUMMARY, CONCLUSIONS, AND OUTLOOK

In conclusion, using the model one-electron description
and WPP approach, we have studied the electron transfer
between the PTCDA molecule and metal surface represented
as the free-electron metal or as Ag(111). For the situation
where the PTCDA molecule is adsorbed on the Ag(111)
substrate, the WPP results for the energy and width of the
molecular resonance with LUMO character are in semiquan-
titative agreement with experiment and ab initio theory, as
summarized in Table I. This shows that our approach is well
suited for the present system and allows us to confidently
discuss an essential robust physics of the RCT that it reveals.

(i) Analysis of the energies, widths, and resonance wave
functions of molecular orbitals with π character calculated as
a function of the distance between the PTCDA molecule and
the metal shows that the molecular symmetry and projected
band structure of the substrate play a decisive role in deter-
mining electron transfer in the system.

(ii) For the planar molecule as PTCDA, the RCT rates
between the molecule and the surface are reduced by an or-
der of magnitude when the adsorption geometry is changed
from the flat to standing upright. This reflects the possibility
to geometrically tune the adsorbate/substrate coupling with
possible application to tunneling or light-emitting devices.

(iii) The resonances with LUMO+1 and LUMO+2 charac-
ter representing excited states of molecular anion and located
within the projected band gap of Ag(111) strongly inter-
act with the 2D surface-state continuum. The corresponding

excited electron is not injected from the molecule into the
metal bulk, but moves, for a certain time, parallel to the
surface. It will thus experience confinement within surface
kagome structures or quantum corrals. This opens further
possibility to tune the lifetimes of excited states.

We also addressed the STM manipulation as a means
to control the lifetimes of molecule-localized states. The
PTCDA molecule initially adsorbed on Ag(111) in a flat
geometry is lifted up perpendicular to the surface. While
agreement with experiment is reached at extreme points of
this manipulation with an order of magnitude reduction of
the RCT for the upright standing geometry, the evolution
of molecule/surface coupling along the entire manipulation
path is purely reproduced. This indicates an essential role of
molecular deformation not included in the present study.

We believe that along with analysis of various aspects
of the RCT, the present work shows an interest in model
approaches providing a semiquantitative description of the
RCT between organic chromophores and metal surfaces at
moderate computational cost. The capacity to estimate the
RCT efficiency is of paramount importance for designing
novel experiments to address many processes at surfaces such
as surface reactivity, light emission, or photoexcitation and
photoemission induced by intense and short optical pulses
interacting with an adsorbate. In the latter case, the WPP
offers a direct time-domain access to the system dynamics.
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