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Ultrafast electron injection into photo-excited
organic moleculesf

Dean Cvetko,***° Guido Fratesi,*® Gregor Kladnik,?® Albano Cossaro,”
Gian Paolo Brivio,© Latha Venkataraman*® and Alberto Morgante®"

Charge transfer rates at metal/organic interfaces affect the efficiencies of devices for organic based
electronics and photovoltaics. A quantitative study of electron transfer rates, which take place on the
femtosecond timescale, is often difficult, especially since in most systems the molecular adsorption
geometry is unknown. Here, we use X-ray resonant photoemission spectroscopy to measure ultrafast
charge transfer rates across pyridine/Au(111) interfaces while also controlling the molecular orientation
on the metal. We demonstrate that a bi-directional charge transfer across the molecule/metal interface
is enabled upon creation of a core-exciton on the molecule with a rate that has a strong dependence
on the molecular adsorption angle. Through density functional theory calculations, we show that the
alignment of molecular levels relative to the metal Fermi level is dramatically altered when a core-hole is
created on the molecule, allowing the lowest unoccupied molecular orbital to fall partially below the
metal Fermi level. We also calculate charge transfer rates as a function of molecular adsorption
geometry and find a trend that agrees with the experiment. These findings thus give insight into the
charge transfer dynamics of a photo-excited molecule on a metal surface.

1 Introduction

The performance of organic-based electronic devices relies on
efficient charge transport across hybrid interfaces where elec-
tronically different materials couple; such interfaces often represent
a bottleneck in the overall performance of organic electronic and
photovoltaic devices." Charge transfer (CT) across interfaces is most
easily studied using small aromatic molecules that can form ordered
molecular films on a variety of substrates. Often, such systems
exhibit rather uniform coupling schemes to metal electrodes as well
as to other molecules, thereby minimizing structural disorder, which
is a major limiting factor in the device performance.>* Such ordered
prototypical systems open up the possibility to experimentally
address charge transport phenomena on the molecular level
using X-ray based spectroscopy techniques.*”
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Here we focus our study on films of pyridine molecules
(PYR, CsH;N, inset, Fig. 1B) formed on Au(111) surfaces with
adsorption geometries that can be experimentally varied by
adjusting the molecular coverage.® Our motivation for using
this archetypical n-conjugated aromatic system is its ability
to bind to Au surfaces through the formation of a weak Au-N
donor-acceptor bond, with geometry-dependent coupling, that
has previously been shown to assist in charge transport through
single-molecule conductance experiments.’ In this work, we use near
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Fig.1 C K-edge NEXAFS spectra of (A) a PYR multilayer film recorded at
—106 °C and (B) a monolayer film recorded at —55 °C. The solid (dashed)
lines are measurements with light polarized perpendicular (parallel) to the
Au surface. Inset: PYR structure. (C) A series of C K-edge p-pol NEXAFS
spectra of a multilayer film annealed up to ~—25 °C to create monolayers
with different molecular orientations. All spectra have been normalized
to the intensity at 295 eV. Note that temperatures and angles are approximate.
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edge X-ray absorption fine structure (NEXAFS), X-ray resonant
photoemission (RPES) and apply core-hole-clock (CHC) analysis®
to study electron transfer between empty molecular orbitals
and the Au continuum of states in the core-excited systems. The
CHC method has been used previously to determine ultrafast
electron transfer times from organic molecules to underlying
surfaces,>'*"> between aromatic molecules with n-r coupling™® and
also between molecules interacting through hydrogen bonding"” as
well as between donor and acceptor organic molecules,'®"°

Here, we present evidence for new core-hole decay channels
present in the PYR-on-Au(111) system that reflect efficient
injection of electrons from the Au substrate to PYR molecules
on the femtosecond timescale, at a rate that depends on the
orientation of the molecule on the Au substrate. We extend the
standard CHC analysis to quantify the dynamics of electron
injection to the molecule and find a strong dependence on the
adsorption angle. The rate of electron injection from Au to the
molecule increases as the molecular © system becomes flatter,
enabling a greater overlap with the Au substrate, in agreement
with single-molecule transport measurements.’ Through density
functional theory (DFT) calculations, we demonstrate that the
core-excited lowest unoccupied molecular orbital (LUMO¥) of the
molecule lies partially below the Fermi level explaining the origin
of the additional core-hole decay channels observed here. We
also demonstrate that the coupling of the LUMO* to the Au
continuum states varies with the PYR adsorption angle in
agreement with the experimentally observed trends.

2 Results and discussion

We first present results from near-edge X-ray absorption fine-
structure spectroscopy (NEXAFS) for PYR films on Au(111) and
use them to determine the orientation of the molecule relative
to the surface.® We show, in Fig. 1A and B, NEXAFS spectra
measured across the C K-edge over an energy range of 283-301 eV
for a multilayer film and a monolayer film created by flash-heating
a multilayer film to —55 °C (see Fig. S1, ESL T for additional details
on film preparation and characterization through XPS). The
main double-peak at 285 eV corresponds to a photon absorption
excitation from a Cl1s core level to the lowest unoccupied
molecular orbital (LUMO). The double-peak feature results from
different C1s initial states as presented in the ESI{ with the help
of DFT based calculations for an isolated molecule. The calculated
NEXAFS spectra confirm that the LUMO can be excited from both
C and N sites. The LUMO of PYR has n*-character with its nodal
plane coinciding with the molecular aromatic ring.’

We exploit the polarization dependence of the NEXAFS spectra,
which are subject to dipole selection rules, to determine the
molecular orientation on the surface.® Specifically, the C1s — LUMO
transition is forbidden for light polarized in the plane of
aromatic rings. We therefore determine the average angle for
PYR on Au(111) by comparing the intensity of this transition
with an incident electric field perpendicular (p-pol) and parallel
(s-pol) to the surface. For a multilayer film the intensity of the
n* excitation is independent of the electric field polarization,
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Fig. 2 Schematic of the RPES process: (a) core-hole/LUMO* excitation by
X-ray absorption, (b) participator decay, (c) spectator decay and (d) normal
Auger emission following LUMO* to substrate charge transfer. (e) Level
alignment diagram following core-hole creation illustrating a bi-directional
charge transfer as the LUMO* is aligned at the Fermi level, leading to the
super-participator signatures in RPES maps. N K-edge RPES for (f) multilayer
film and (g) monolayer film oriented at 32°. The non-resonant photoemission
intensity, measured below the N K-edge resonance (at hv = 395 eV) has been
subtracted from all spectra. Arrows indicate the super-participator peaks due to
ultrafast electron injection from the Au substrate. (h) Single RPES line scans at
hv = 399.5 eV and 405 eV shown in red and blue, respectively. The grey shaded
curve is the gas phase resonant spectrum at the N1s — LUMO excitation.

as can be expected for a randomly oriented molecular film.® In
contrast, the monolayer PYR film displays a strong linear dichroism
with a higher intensity peak observed in p-pol compared to s-pol.
For this film, the average molecular tilt angle (0) from the surface,
determined following previously published methods® (see the ESI),
is 32° + 3°.

In Fig. 1C, we show a series of p-pol NEXAFS spectra collected
while annealing a multilayer PYR film over a temperature range
from —106 °C to —25 °C. The relative intensity of the C1s - LUMO
peak increases gradually with increasing temperature indicating
that the molecular orientation gets flatter upon annealing. The
molecular adsorption angles obtained through heating a multilayer
film range from ~25°to ~65°.

We now turn to measurements of charge transfer dynamics
at the PYR/Au interface by using the RPES technique and CHC
analysis. As applied here, a core N1s electron is excited to an
unoccupied molecular orbital (Fig. 2a) leaving a core-hole on the
molecule. This excited state decays via three different scenarios.

In the first, known as the participator decay (Fig. 2b), the
electron excited to the LUMO* de-excites in the core-hole decay
with emission of an Auger electron. This leaves a single hole in
one of the filled molecular orbitals and the LUMO empty. In the
RPES spectrum these channels are found energetically degenerate
with the respective direct photoemission from the filled molecular
orbitals, i.e. HOMO—n; n = 0, 1, 2, 3, etc., but with resonantly
enhanced intensity. The second, known as spectator Auger decay
(Fig. 2c), involves filling the core-hole with an electron from an
occupied orbital, accompanied by electron emission from another
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occupied orbital; this leaves the system with two holes and an
additional (spectator) electron in the LUMO. Finally, when the
molecule is electronically coupled to the substrate, the excited
LUMO* electron can escape to the substrate, quenching both the
participator and spectator decay channels and the core-hole decays
via a normal Auger process (Fig. 2d). By comparing the participator
decay intensity in the monolayer and multilayer systems and
knowing the core-hole lifetime (5 fs for Nis and 6 fs for C1s)*
we can determine the charge transfer times from the molecule to
the substrate. However, another core-hole decay scenario arises if
the LUMO* is lying below the Fermi level upon a core-hole creation
(Fig. 2e). In this case, the LUMO* may get filled via electron
transfer from the substrate. Thus, the characteristic spectral lines
due to the decay of the LUMO* electron are observed regardless of
the incident light energy;*"*> hereafter we term this process super-
participator decay.

We measure the RPES spectra, which are comprised of XPS
measurements taken at a series of incident photon energies
across the N K-edge of the PYR multilayer and 5 different
monolayer films having PYR oriented with an angle ranging
from 32° to 56°. The experimental details are given in the ESL ¥
Briefly, XPS spectra over a 50 eV Kkinetic energy range were
measured with photon energy (4v) tuned across the N K-edge in
steps of 0.1 eV (from 395 eV to 415 eV) and all spectra are
presented as two-dimensional maps of intensity plotted against
photon energy and electron kinetic energy. Fig. 2f and g show
RPES maps for a multilayer film and a monolayer film with
molecules oriented at 32°. We see strong resonances in the
RPES maps at hv = 399.5 eV, corresponding to an excited state
decay following a N1s — LUMO* transition. These correspond
to electron emission through the participator decay channel
involving different occupied molecular orbitals at electron
kinetic energies between 375 and 395 eV. Thus the photo-
emission spectrum on resonance (Av = 399.5 eV) resembles that
of a direct valence band photoemission (see ESL Fig. S2) but
with an enhanced intensity that depends on the spatial overlap of
the occupied orbital and the LUMO with the N1s core orbital.®

We then analyze data of the PYR monolayer with an average
molecular angle of 32° relative to the Au surface. The monolayer
RPES map (Fig. 2g) reveals additional features, marked by white
arrows, not present in the multilayer map (Fig. 2f). These start
at participator peaks in the spectrum at Av = 399.5 eV, and are
visible even beyond excitations to the free electron continuum
above ~405 eV. These features are most clearly visible in the
line scans shown in Fig. 2h, where we compare data at v =399.5 eV
and at Av = 405 eV with a valence band spectrum acquired for
the molecule in the gas phase. The clear peaks seen in the line
scan taken at 405 eV (beyond the ionization edge) indicate that
there are additional features that occur at constant kinetic
energy. We attribute these features to the super-participator
process (Fig. 2e). Once a N1s core-hole is created in PYR, the
energy level alignment of all orbitals relative to the metal Fermi
level is altered. The LUMO* drops at least partially below the
Fermi level and may get occupied with charge from the metal as
long as it is electronically well-coupled to the substrate. Thus for
all incident photon energies required to create a N1s core-hole
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(hv = 399.5 eV), if an ultrafast charge injection into the LUMO*
occurs within the core-hole life-time, the core-hole can decay
through the super-participator channel.

Qualitatively we note that the intensity ratio of the super-
participator to participator peak is large and indicative of a fast
electron injection into the molecule due to a significant fraction
of the LUMO* lying below the Fermi level. To quantify the
charge injection rate based on the data presented in Fig. 2, we
measure the participator intensity, I;,, at the LUMO* excitation
(hv = 399.5 eV) and the super-participator intensity above the
ionization edge, Iy, (hv = 405 eV) for PYR on Au(111) and
compare them with the participator intensity at the LUMO*
excitation in the gas phase, I). Details of the extended CHC
analysis that use these peak intensities to determine charge transfer
rates are given in the ESL{ For the PYR/Au system shown in Fig. 2
with a tilt angle of 32°, we measure Ip/I, = 0.7 & 0.05 and
I,/Ty = 0.95 % 0.05. This latter ratio already takes into account the
angular dependence of the matrix element for the oriented
molecules on the surface as cos(f)/cos(6y,), where 6, = 54.7° is
used for the average over molecular orientations in the gas phase.
This gives the fractional occupation of the LUMO* below Fermi
x ~ 1, and for the electron injection time t = to,(1 — Ip/Ip)/(Lsp/Ip) =
3.2 4 0.5 fs, where 1, = 5 fs is used for the N1s core-hole lifetime.?°

We now repeat the RPES measurements and CHC analysis
for four films with different molecular tilt angles ranging from
32° to 56°. The results are summarized in Fig. 3. We find that
the charge injection time increases from ~ 3.2 fs to ~30 fs with
increasing tilt angle of the PYR molecules. In all cases we
determine the fractional occupation of the LUMO* to be
close to unity (x = 0.9 &+ 0.1), indicating that LUMO* is filled
by nearly one electron at all tilt angles of the adsorbed molecule.
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Fig. 3 Participator and super-participator peaks taken from line scans at
399.5 eV and 405 eV for the PYR monolayer with tilt angles of (a) 32°, (b) 36°
and (c) 56°. (d) The CT times obtained from CHC analysis of the participator
and super-participator peaks as a function of molecular tilt angle.
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We also find a consistent trend of the Auger peak position above
the ionization edge, passing from mostly “spectator shifted” to
almost exclusively “normal Auger” for increasing tilt angles, in
agreement with the observed trend in the charge injection times
(details are shown in the ESIt). These observations imply that
the spatial overlap of LUMO* with the Au continuum of states is
responsible for the strong angular dependence of the charge
injection dynamics. We also find that ultrafast transfer of
electrons from the Au occurs on both carbon and nitrogen sites
of the core-excited molecule, and for both excitation sites flat
lying adsorption geometries strongly enhance the rate of charge
injection into the molecule.

In order to understand the effect of molecular adsorption
geometry on the orbital level alignment in the presence of a
core-hole and the influence of charge transfer across the
organometallic interface, we turn to DFT calculations. For this
work, we investigate five different molecular tilt angles: 6 = 0°,
30°,45°% 60°, and 90°, and show in Fig. 4a the computed density
of states (projected on the LUMO of PYR) as a function of 0,
both for the ground state (blue bullets) and the N1s ionization
(LUMO¥*, red triangles). To compare computational results with
the experiment, we focus on the LUMO* case, with an added
valence electron as eventually attracted from the substrate to
screen the perturbation.**”*” This corresponds to a fully relaxed
electronic configuration after the molecule is ionized. The
attractive potential introduced by the core hole lowers the
energy of the molecular orbitals with respect to the ground
state. The LUMO¥, in particular, shows a significant fraction
going below the Fermi level (see red triangles in Fig. 4a) and
hence being filled by electrons from the substrate, in agreement
with the experimental observations, while the ground state
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Fig. 4 (a) DFT DOS of PYR/Au(111) projected onto the LUMO of gas phase
PYR (depicted in the inset) in the ground state (LUMO, bullets) and upon
N1ls — LUMO excitation (LUMO?*, triangles). (b) Dependence of the
resonant transfer time 1 estimated by the LUMO/LUMO* width by a
Lorentzian fit of the DOS, as a function of 0. (c) Charge displacement
Ap = pexc — pgs fOr 0 = 45°. Regions of electron accumulation and depletion
are colored in bright red and dark blue, respectively. (d) The same, for an
isolated molecule in the gas phase: Ap@. (e) Substrate contribution
Ap' (Ap = Ap'@ + Ap'). The isodensity value in panels (d and e) is 0.04 A=3,
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LUMO is always well above the Fermi level (blue bullets). The
resonant transfer times for the LUMO and LUMO* are calculated
from their Lorentzian width I', obtained for 6 = 45°, I' = 95 meV
and I' =167 meV, i.e., 7 =7 fs and t = 4 fs, for the ground state and
core-excited state, respectively. The difference between these
values reflects the altered shape of the orbital as well as the
interfacial energy-level alignment upon excitation. Although the
computed value is smaller than the experimental one, the agreement
is remarkable given the simplicity of the theoretical model.

We now consider the effect of the molecular adsorption
angle on this charge transfer time. At variance with the moderate
dependence found for the ground state LUMO, the energy
alignment of the LUMO* is almost independent of ¢ so that
electron transfer from the surface is expected at all angles
considered. The n symmetry of the orbital, which is depicted
in the inset of Fig. 4a, is essential in determining the overlap
with the substrate states and hence the dependence of 7 on the
angle. We observe a monotonous increase in the transfer time
with 6 (by a factor 3 when passing from 6 = 30° to 60°), as shown in
Fig. 4b, both for the values computed in the ground state and upon
excitation, in agreement with the experimentally observed trend.

The electron transfer from the substrate to the ionized
molecule can be visualized by evaluating the modification of
the valence charge upon excitation, Ap = peye — pgs- That is
reported in Fig. 4c for 0 = 45° and shows an increase of electron
density in the molecular region: Mulliken population analysis>®
performed in the ground and excited states show that about
0.89 e are transfered to the molecule. A similar result was
obtained at the other angles, with increased charge transfer
from 0.83 e to 0.93 e when passing from 6 = 0° to 90°. These
values are in excellent agreement with the experimental ones
(0.9 £ 0.05). The remaining charge, 0.11 e for 0 = 45°, can be
attributed to the Au atoms in the surface layer while the bottom
layers are practically unaffected (we recall that pe includes
the added electron as provided by the metal). The electron
displacement Ap can be further decomposed into a molecular
contribution Ap®, as it would result for the ionization of free
molecules in the gas phase (without the possibility of electron
transfer), and a substrate contribution Ap’ for electron transfer
and screening also accounting for the additional valence elec-
tron: Ap = Ap® + Ap’. These quantities are shown in Fig. 4c, d
and e, respectively. While Ap® shows in Fig. 4d a contraction of the
molecular charge towards the N atom, the substrate contribution
Ap' in Fig. 4e highlights the filling of the LUMO* state by surface
electrons. We stress that these findings follow from the specific
structure of Ap of the PYR/Au system and may not occur generally
for organic molecules adsorbed on metals. For example, a similar
alignment of LUMO* to the Fermi level was computed for pyridine
on graphene,” but complete filling of LUMO* for pentacene/Al(001)

has been evaluated and observed.?**®

3 Conclusions

We explored the dynamics of charge transfer in a series of
PYR/Au(111) layers with different adsorption angles, and found
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that the LUMO* of the core excited molecules falls partially
below the Au Fermi level, opening a gateway for ultrafast
injection of electrons from the gold substrate to the molecule.
Importantly, we have extended the standard CHC analysis of
the RPES spectra to determine this charge transfer rate and
have shown that it depends on the orientation of the molecule
to the metal surface; the flatter molecules have a significantly
faster charge transfer. Through DFT calculations, we have
shown that the core-excited PYR/Au has a LUMO* that lies
partially below the Fermi level, with an excellent agreement
between computed occupation values and best-fit results from
the measurements. We have also demonstrated that the broadening
of this orbital due to its electronic coupling to the Au continuum of
states enables an ultrafast charge transfer from the Au to the
molecule within the core-hole lifetime. We have further calculated
the angular dependence of the charge injection rate and find a trend
consistent with the experiment of faster dynamics for flatter lying
molecules. These findings have a direct consequence on under-
standing the mechanism of charge transfer at molecular junc-
tions for hetero-organic photovoltaics, where the alignment of
donor and acceptor orbitals in the presence of a valence exciton
dictates the efficiency of exciton dissociation, charge separation,
and consequently device performance.

4 Methods

Condensed phase and gas phase measurements have been
performed at the ALOISA and ANCHOR beamlines of the Elettra
Synchrotron in Trieste, Italy.>® The Au(111) substrate was prepared
by cycles of Ar' ion sputtering and temperature annealing. Pyridine
molecules were vacuum deposited on the Au substrate through
a leak valve operated in ~10~7 mbar pressure range. The PYR
multilayer was grown with the sample held below 200 K,
whereas monolayer phases with variable adsorption geometry
were produced by temperature annealing of multilayer films up
to T ~ 250 K. NEXAFS at the nitrogen (carbon) K-edge was
performed by collecting the emission of secondary electrons as a
partial absorption yield with the high pass filter set to 370 eV
(250 eV). All NEXAFS spectra were measured with linear photon
polarization in s-pol geometry (electric field vector E parallel to
the surface plane), p-pol geometry (E along the surface normal)
or at a magic angle (angle between E and the surface normal,
54.7°). Photoemission experiments were performed using an
electron analyzer positioned along the photon polarization E.
Photon energies of hv = 650, 500, and 130 eV were used for core-
level and valence band spectra, with an overall energy resolution
of ~100 meV. RPES at the N (C) K-edge was conducted by taking
a series of XPS scans with photon energy between 395 and
425 eV (280-310 eV) in steps of 0.1-0.2 eV. For each photon
energy, the XPS spectrum covering ~ 60 eV kinetic energy (Ey)
range was measured to construct a two-dimensional like RPES
map I(hv,E;). The non-resonant spectra were measured in the
pre-edge region with a photon energy of 395 eV (283 eV), and
were subtracted from each XPS spectrum in the RPES maps
I(hv,Ey). Participator intensity was evaluated after normalization
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Fig. 5 Structural setup for computing the electronic structure of PYR
adsorbed on semi-infinite Au(111). The inset shows the dependence of the
N-Au distance d on the angle 0 as determined in ref. 35.

to the integrated Auger, from the integrated intensities of the
upper valence peaks (e.g. HOMO in the 0-8 eV binding energy
range). Super-participator intensity was evaluated from the XPS
spectra with photon energy above the ionization edge, iv > 405 eV
(hv > 292 eV) as integrated intensity in the fixed kinetic energy
range (~380 eV), containing the electron emission from the
HOMO. More details about the spectra acquisition conditions,
the preparation of the sample, and the implementation of the
CHC method are given in the ESL¥

We use the SIESTA/TranSIESTA simulation packages®®?!
with the Perdew, Burke, and Ernzerhof (PBE) exchange-correlation
functional.®® To obtain a detailed analysis of the coupling between
the PYR molecule and the substrate, especially to deal with the
lineshapes of the resonant orbitals, it is most convenient to
consider a continuum of Au states. We adopt a description derived
from electron transport® where a semi-infinite substrate is
taken into account by a Green’s function approach.**** For
computational convenience we replicate the system and model
two facing semi-infinite Au substrates, each having a PYR
molecular layer. Facing molecules are separated by at least 20 A
to prevent any interaction between the two sides (see Fig. 5).
Periodic boundary conditions in the lateral directions are taken
within a 4 x 4 Au surface unit cell (coverage fixed to 1/16).

In describing the angle-dependent properties, we adopt the
molecular adsorption geometry on the Au(111) surface from the
work of Mollenhauer et al.,*® with the PYR N atom on the a-top
site on the Au surface and an Au-N distance that depends on
the molecular tilt angle. Such a dependence was determined by
structural optimizations within DFT corrected for van der
Waals interactions, and is summarized in the inset of Fig. 5.
To describe the case of a molecule excited by X-ray radiation, we
promote a Nis electron from the core to a valence state. The
core-hole is included in the pseudopotential that accounts for
the interaction of valence electrons with a core-excited N1s*
ion. The resonant electron/hole injection time t from the
LUMO is then determined as t = /#/***’ from the Lorentzian
full width at half-maximum (FWHM) I’ in the density of states
projected onto the LUMO:

. 1 (I'+7)/2
po(E) = —TIm([Goa(E)] o< — (E — Eo)” + [(T +7)/2
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Here, the LUMO energy Eq and width I” are fitting parameters,
Goo(E) is the expectation value of the Green’s function on the
® state, and y = 4 meV an additional broadening added for
computational convenience.
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