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Semi-empirical many-body formalism of optical absorption in nanosystems and
molecules.

Antoine Honet and Luc Henrard
Department of Physics and Namur Institute of Structured Materials,
University of Namur, Rue de Bruxelles 51, 5000 Namur, Belgium

Vincent Meunier
Department of Physics, Applied Physics, and Astronomy,

Rensselaer Polytechnic Institute, Troy, New York 12180, USA,
(Dated: December 7, 2020)

A computationally efficient Green’s function approach is developed to evaluate the optical prop-
erties of nanostructures using a GW formalism applied on top of a tight-binding and mean-field
Hubbard model. The use of the GW approximation includes key parts of the many-body physics
that govern the optical response of nanostructures and molecules subjected to an external elec-
tromagnetic field. Such description of the electron-electron correlation yields data that are in
significantly improved agreement with experiments performed on a subset of polycyclic aromatic
hydrocarbons (PAHs) considered for illustrative purpose. More generally, the method is applica-
ble to any structure whose electronic properties can be described in first approximation within a
mean-field approach and is amenable for high-throughput studies aimed at screening materials with
desired optical properties.

Keywords: Tight-binding, Hubbard model, GW approximation, RPA, optical absorption, plasmons, PAH, nano-
graphene, quantum plasmonics

I. INTRODUCTION

The optical properties of molecules, nanoparticles,
and solids are intimately governed by many-body ef-
fects, such as electron-electron correlation. Correla-
tion remains, however, difficult to accurately describe
in realistic systems, in spite of significant progress in
the development of numerical methods and the grow-
ing availability of computational resources. The ma-
jority of the current theoretical descriptions of optical
response of large systems are based on single-electron
states, as the treatment of electronic processes are lim-
ited to a mean-field approximation due to computational
cost. These mean-field approaches include density func-
tional theory (DFT) and the tight-binding (TB) ap-
proach. Further, collective phenomena such as plasmons
are commonly treated as properties of continuous solid
described by a macroscopic dielectric function. They
have also been modelled at the quantum level using a
number of approaches such as time-dependent density
functional theory (TDDFT) [5, 25] and within the ran-
dom phase approximation (RPA). These formalisms con-
tribute to a better description of the Coulomb interac-
tion [8, 9, 16, 19]. However, methods such as TDDFT
are computationally demanding and usually intractable
for most realistic system sizes.

Here, we introduce a new semi-empirical many-body
approach that allows for considerably reducing the com-
putational cost of RPA. The method is based on the GW
approximation as developed recently in Ref. 15 in the
context of the study of magnetic properties of graphene
nanoribbons. The method does not require the explicit
calculation of the sum over states as formulated in the

Lindhard equation since all summations are performed in
the frequency domain, thus making it possible to signifi-
cantly reduce the numerical cost. Moreover, the method
presented here focuses on spin correlation that is ne-
glected in RPA. Spin correlation is essential in the de-
scription of the electromagnetic response of molecules
and solids, especially for open-shell systems that feature
unpaired electrons. The Hubbard model has been devel-
oped to include such effects and, in its original formu-
lation, takes many-body interactions into account [13].
However, it is usually implemented within a mean-field
approximation. Here we move towards a many-body ap-
proach with the development of a GW correction to this
mean-field approximation, using a TB Hamiltonian as a
starting point.

We illustrate the accuracy of the new approach for the
evaluation of the optical response of polycyclic aromatic
hydrocarbons (PAHs). In a way, these molecules can
be seen as the smallest nano-graphene systems. Inter-
estingly, they have been shown to host collective exci-
tations (e.g., molecular plasmons) in the near-infrared
and visible range [19]. They have been recently investi-
gated both theoretically and experimentally, leading to
a proof-of-concept of an electrochromic device [16]. The
results presented here for PAHs highlight the importance
of many-body effects, especially in the case of open-shell
systems such as PAH anions.

However, the proposed formalism and its numerical im-
plementation are not restricted to a particular type of
molecules or nanosystems, so long as the validity of a
TB description as a starting point holds. For example,
quantum dots of semiconductors [8], nanoparticles of
metal oxide such as ZnO [9], or pristine or defective 2D
materials [6] are also amenable to the theoretical analysis
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performed here.
The rest of the paper is organized as follows: We

first present the model for the optical absorption cross-
section both using Lindhard formula and the RPA ap-
proach (Section II.A) and in the Green’s function formal-
ism (Section II.B). We then introduce the Hubbard model
and its diagonalization in the mean-field approximation
as well as in the GW approximation (Section II.C). In sec-
tion III, we numerically investigate the optical properties
of several PAH molecules. We compare the calculated re-
sults with experimental data from Ref. 16 and discuss the
merit of different levels of approximation: TB, mean-field
approximation of the Hubbard model (MF-H), and GW
correction to include many-body effects on top of MF-H
model (GW-H). The examples illustrate the success of
the two-parameter approach developed here by showing
how it reproduces salient experimental features of the
optical response of the molecules. More importantly, we
demonstrate that the explicit inclusion of correlation, be-
yond the mean-field approach, can be performed at fairly
low computational cost and is crucial for the computa-
tional design of optically active material systems.

II. MODEL AND METHODS

A. Tight-Binding approximation

1. Tight-binding Hamiltonian

The tight-binding approximation is a ubiquitous mean-
field approach used for the description of the electronic
properties of molecules and solids [8]. In the TB frame-
work, the Hamiltonian reads

ĤTB =
∑

i,l,σ

εi,l,σ ĉ
†
i,lσ ĉi,lσ −

∑

<ij>,ll′σ

tσij,ll′ ĉ
†
i,lσ ĉj,l′σ + cc.

(1)
where indices i and j refer to the atomic sites, σ is the
spin of the electron, l and l′ are the indices of the or-
bitals, tσij,ll′ are the hopping parameters, and εi,l,σ are

the on-site energy parameters. ĉ†i,lσ and ĉi,lσ are the cre-
ation and annihilation operators of an electron in a state
|ilσ〉. The second sum marked by ”< . . . >” in Eq. 1 is
restricted to shells of nearest-neighbors.

Diagonalization of the Hamiltonian yields the eigenen-
ergies Ek and the coefficients akilσ of the eigenstates |Ψk〉:

|Ψk〉 =
∑

i,l,σ

akilσ ĉ
†
ilσ |0〉 (2)

where |0〉 is the state with no electron.

2. Lindhard formula and random phase approximation

From the eigen-states of the Hamiltonian (Eq. 2), the
non-interacting atomic susceptibility can be computed

from Lindhard formula [8, 9, 12]:

χ0
iσ,jσ′(ω) =

∑

m,m′,l,l′

(fm − fm′)amilσ(am
′

ilσ)∗amjl′σ′(amjl′σ′
′)∗

~ω − (Em′ − Em) + iζ

(3)
where fm = fFD(Em) is the Fermi-Dirac distribution
and ζ is a small positive real number.

The interacting susceptibility in the random phase ap-
proximation includes the Coulomb interaction between
electronic transitions and is given by [8, 9, 12]:

χRPA = χ0ε−1 (4)

where ε = I − V χ0 is the dielectric matrix and V is the
Coulomb matrix (e2/R except for the diagonal elements
that are computed from the electron density probabil-
ity [28]). Eq. 4 must be read as a matrix equation, ex-
pressed in the tight-binding basis.

The absorption cross-section (σabs(ω)) of a system sub-

jected to a uniform electric field ~Eext(ω) can be expressed
as [9, 12]:

σabs(ω) = 4π
ω

c
Im(α(ω)) (5)

where c is the speed of light and α(ω) is the polarizability
given by [9, 12]:

α(ω) = −e2
∑

iσ,jσ′

χRPAiσ,jσ′(~Ri · ~u)(~Rj · ~u) (6)

in terms of ~Ri and ~u, which are the position of atom i
and the unitary vector along the direction of the external
electric field, respectively.

B. Green’s function formalism

The non-interacting susceptibility χ0 (Eq. 3) can be
evaluated in the Fourier space within the Green function
formalism [15] at a much reduced computational cost.
We note that a similar method was used in Ref. 28, al-
though these authors did not explicitly refer to their ap-
proach as a Green’s function formalism.

1. Green’s function and non-interacting susceptibility

We will adopt the usual representation of Green’s func-
tions as matrices expressed in the TB orbital basis. We
first define the retarded (R), advanced (A) Green’s func-
tions as:

G
R/A
ilσ,jl′σ′(ω) = 〈ilσ| (~ω − Ĥ ± iη)−1 |jl′σ′〉 (7)

where Ĥ is the Hamiltonian and η is a small positive real
number. Connection between η and ζ (Eq. 3) is explored
in the Supplementary Information.
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FIG. 1. Optical absorption cross-section computed within TB (upper panels), MF-H (second panels from the top) and GW-H
(third panels from the top) approaches for tetracene (a), anthracene (b), tetraphene (c), phenanthrene, (d) and triphenylene
(e). Experimental results from Ref. 16 (lower panel) are displayed for comparison. For the simulations, the average is taken on
the orientations of the electric field in the plane of the molecule. The cross-section are given in arbitrary units (the same for
all the theoretical curves except the GW-H curves that have been rescaled (the scaling factors are shown on the plots). The

parameters used to compute the results are U = 2t, t = 2.6 eV, and η = 2.10−4 EH
t

(with EH = 27.21 eV, the Hartree energy).

The lesser (<) and greater (>) Green’s functions can
be expressed in terms of the R/A Green’s functions by
the following relationship:

G<(ω) = −fFD(ω − µ)[GR(ω)−GA(ω)]

G>(ω) = f̄FD(ω − µ)[GR(ω)−GA(ω)]
(8)

with f̄FD(ω) = 1− fFD(ω).

The non-interacting susceptibility expressed in time
domain is calculated using the following formulate [15]:

χ0(t) = −i~Θ(t)[G>(t) ◦ (G<(t))∗ −G<(t) ◦ (G>(t))∗]
(9)

where Θ(t) is the Heaviside step-function. In this ex-
pression, the Green’s functions have been Fourier trans-
formed and ◦ denotes the Hadamard product (i.e.,
element-wise product) between matrices. Finally, the
non-interacting susceptibility in frequency space is found
by Fourier transforming Eq. 9.

C. Hubbard model

Clearly, only one-body operators (hopping terms) are
considered in the tight-binding Hamiltonian of Eq. 1.
This corresponds to a mean-field approach where elec-
trons are treated as independent particles evolving in the
mean-field potential due to all the other particles. Mov-
ing beyond the mean-field approach, the interactions be-
tween electrons of opposite spin on the same site can be
turned on using the Hubbard model [13]:

ĤHubbard = ĤTB +
∑

i,l

Uiln̂ilσn̂ilσ′ (10)

where n̂ilσ = ĉ†ilσ ĉilσ is the density operator for particles
with spin σ, in the orbital l, and located on site i. Uil
are interaction parameters. The interaction term (the
second term in Eq. 10) accounts for on-site correlations.
It contains a 2-body operator that makes the problem
very difficult to solve exactly because the Hilbert space
grows exponentially with the number of electrons [26].
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1. Mean-field and GW approximation of the Hubbard model

The most common approximation made to obtain
tractable solutions to the Hubbard model is to treat the
2-body operators in a mean-field approximation [4, 29]:

HHub,MF = −
∑

ij,σ

tijc
†
iσcjσ+

∑

il

Uil(n̂ilσ〈n̂ilσ′〉+〈n̂ilσ〉n̂ilσ′).

(11)
In this equation, 〈.〉 represents the mean value of the
density operator.

This Hamiltonian has to be solved self-consistently
since the average occupations can only be known after
the eigenstates have been determined. This means that
the Hamiltonian is diagonalized at step k+1 based on the
mean occupations at step k (〈n̂kilσ〉) until convergence is
reached. This MF-H model has been used extensively in
the context of graphene physics and has yielded results
in very good agreement with experiment [4, 6, 29].

An important improvement, beyond the mean-field ap-
proach, can be obtained by considering GW corrections
to the mean-field solutions (GW-H model) [2, 12, 15, 24]
and by using the Green’s function in a self-consistent pro-
cedure as proposed in Ref. 15. The algorithm is based
on Hedin’s equations [12]. The main idea is to first solve
the MF-H Hamiltonian (Eq. 11) and to set the initial,
non-interacting (subscript 0) Green’s functions as:

G
R/A
0,ilσ,jl′σ′(ω) = 〈ilσ| (~ω − ĤHub,MF ± iη)−1 |jl′σ′〉 .

(12)
Dyson equation is used to calculate the corrected Green’s
functions:

GR/A(ω) = G
R/A
0 (ω)+G

R/A
0 (ω)ΣR/A(ω)GR/A(ω). (13)

Equivalently, Dyson equation can also be written as:

[GR/A(ω)]−1 = [G
R/A
0 (ω)]−1 − ΣR/A(ω). (14)

If the self-energies ΣR/A(ω) were exactly known, we could

find the exact solution for GR/A(ω) from G
R/A
0 (ω). In

practice, the self-energies are approximated and in the
GW approximation, their expressions are given by:

Σ≶(t) = i~W≶(t) ◦G≶(t) (15)

where W (ω) is the dynamically-screened potential de-
rived from χ0(ω) and a Dyson-like equation [27]:

WR(ω) = V + V χ0(ω)WR(ω), (16)

where V is now the potential matrix, containing the U -
term of the Hubbard Hamiltonian (Eq. 10) as diagonal
terms in space and off-diagonal terms in spin.

The relations between the R/A and ≶ Green’s func-
tions for the screened potential and the self-energy are
given by:

W>(ω) = 2fBE(ω − µ)Im(WR(ω))

W<(ω) = 2(fBE(ω − µ) + 1)Im(WR(ω))

ΣR(t) = Θ(t)[Σ>(t)− Σ<(t)]

(17)

where fBE(ω − µ) is the Bose-Einstein distribution.

Using the description of TB, MF-H and GW-H in the
Green’s function formalism, we can now compute the sus-
ceptibility for each model using Eq. 9 and then apply the
RPA (Eq. 4). It is then straightforward to compute the
polarizability and the absorption cross-section of a uni-
form electric field using Eqs. 5 and 6.

We note that the originality of the present approach is
that GW is here applied on top of the MF-H model rather
than on top of DFT, as it is usually done. In addition, as
an extension of the work of Ref. 15, which introduced this
approach to calculate STM images of graphitic nanorib-
bons, we employ this method to evaluate optical proper-
ties. We will illustrate this approach in the next section
for the case of selected PAHs.

III. APPLICATION TO POLYCYCLIC
AROMATIC HYDROCARBONS

A. Single-band model Hamiltonians

Polycyclic aromatic hydrocarbons (PAHs) are small
molecules made of carbon and hydrogen atoms organized
in aromatic cycles. They can be considered as graphene
nano-dots. Nanostructured graphene as well as PAHs
are π-conjugated materials that are well described by
a single-band model (the pz orbitals of carbon) in the
low-energy regime [6]. Similar to most previous studies
devoted to PAHs or graphene [6, 19, 29], we will only
consider first nearest-neighbour hopping terms and we
will posit that the parameters tij and Ui are the same
for all atomic sites: tij = t, Ui = U . We also assume
that all carbon atoms have the same on-site energies and
choose it equal to zero: εi,l,σ = 0, thus fixing the Fermi
energy of the TB spectrum at EF = 0. In all PAHs, edge
carbons are considered as passivated by hydrogen atoms
and all the carbon atoms are therefore sp2-bounded with
no dangling bonds.

A hopping parameter of t = 2.6 eV is a typical value
adopted to describe graphene-like structures [29] and has
been used both in TB and Hubbard models. In the Hub-
bard model, we have investigated a large range of U val-
ues and found that U = 2t reproduces better the exper-
imental data, as we will show below. We will use this
value unless otherwise stated. We note that the actual
value of U is still debated in the literature as different au-
thors have employed parameters ranging from less than
t [4] to as much as 4t [6], depending on the details of the
structures considered.

Experiments indicate that molecular plasmons in
PAHs can be tuned by charging the molecule with elec-
trons [16]. For this reason, we have computed the absorp-
tion cross-section for neutral and single-electron charged
molecules in the three models considered in this work.
We have considered the five PAH molecules for which
experimental data are available (Fig. 1) [16].
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B. Numerical results

1. Tetracene

This section presents a detailed analysis of our compu-
tational approach applied to tetracene. Fig. 1 (a) com-
pares the optical absorption cross-section computed from
Eq. 5 using TB, MF-H, and GW-H approaches with the
experimental data [16]. Inspection of the plots indicate
that the GW-H model reproduces better the main fea-
tures of the experimental data. This can be seen by
examining how well the experimental positions and the
shape of the peaks between 1.5 eV and 2 eV (in the one
electron charged case) and the resonance (in the case of
the neutral system) are reproduced.

The computed spectra shown in Fig. 1 are taken as
an average over the polarization of the incident electric
field in the plane of the molecule. Fig. 2 illustrates the
absorption cross-section computed in the GW-H approx-
imation for different orientations of the incident electric
field. As expected, we observe that the relative inten-
sities of the peaks change with the polarization but not
their energies. The low-energies features for the charged
molecule (1.5 eV to 2 eV) reach a maximum for a polar-
ization parallel to the main axis of the molecule where
the absorption above 2.5 eV dominates for the perpen-
dicular polarization for neutral systems. The absorption
cross-section for the TB and MF-H models also strongly
depends on the incident electric field polarization (See
Supplementary Information).

We now present a more detailed analysis of the impor-
tance of the RPA screening and of the strength of the
on-site electron correlation (parameter U) on the sim-
ulated absorption cross-section. Fig. 3 shows the ab-
sorption cross-section computed with and without the
RPA correction in the GW-H model. The importance of
the screening due to the Coulomb potential in the RPA
is demonstrated by the significant differences between
absorption calculated with χ0 (no screening) and with
χRPA (screening included). For the neutral tetracene
molecule, the main transition in the considered energy
range is blueshifted by more than 0.5 eV when the
Coulomb screening is included. For the tetracene anion,
the susceptibility is totally modified with RPA correc-
tions. The effect of RPA screening in the MF-H approx-
imation is presented in the Supplementary Information.
It has also been extensively studied in Ref. 19 within TB.
The absorption cross-section computed with the non-
interacting χ0 is the signature of the single electron-hole
transitions whereas RPA includes the Coulomb interac-
tion between these transitions. RPA thus describes more
accurately plasmonic (collective) phenomena (see, e.g.,
Ref. 19).

We emphasize here that RPA has to be considered in
order to include screening via the full Coulomb poten-
tial. The GW-H calculations include interaction between
electrons of opposite spin on the same site and the RPA
includes the inter-site Coulomb effects on the top of the

FIG. 2. Optical absorption cross-section of tetracene in the
neutral state (blue curves) and in the one-electron charged
state (red curves) in the GW-H model for different polar-
izations of the incident electric field (see arrows, angles are
spaced by π

12
). The parameters used to compute the data are

U = 2t, t = 2.6 eV, and η = 2.10−4 EH
t

.

spin interactions.

Up to now, we have presented results using U = 2t.
In Fig. 4, we investigate a range of U values to highlight
their effects on the absorption cross-section of tetracene
in the GW-H model. We also compare the simulated
spectra with the experimental data. As U increases, the
low-energy peaks of the one-electron charged tetracene
molecule are redshifted but also split into many sub-
structures. At U = 2t, the positions of the two main
low-energy peaks are in good agreement with the exper-
imental observation. When considering a larger value of
U such as U = 2.5t, the lowest energy state redshifts
further towards energies smaller than the experimental
ones. In contrast, the main peak of the neutral molecule
blueshifts when U grows from U = 0 to U = 2.5t. At
U = 2t, the energy of this peak matches that of the ex-
periment.

We have performed the same systematic study of the
role of the parameter U on the optical absorption cross-
section in the MF-H model (See Supporting Informa-
tion). We found that the mean-field approximation does
not reproduce the experimental data in a satisfactory
manner for any value of U , in clear contrast to the GW
approximation.
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FIG. 3. Optical absorption cross-section of the tetracene
molecule in the neutral state (blue curves) and in the one-
electron charged state (red curves) within the GW-H approx-
imation without RPA screening (computed with χ0) (dashed
lines) and with RPA screening (solid lines). The units are
arbitrary and the RPA curves are multiplied by a factor 10.
The RPA and non-interacting curves have been shifted for
better visualization. The values of the parameters are U = 2t,
t = 2.6eV and η = 2.10−4 EH

t
.

2. Comparison with experiment for other PAHs

A comparison of the absorption cross-section for four
other PAHs that were experimentally studied in Ref. 16
is presented in Fig. 1. The comparison further demon-
strates that the GW-H model is in much better agree-
ment with experiment compared to the mean-field ap-
proximations. This emphasizes the important role on-
site correlations play in the optical properties of car-
bon clusters. It also indicates that the optical properties
of PAHs are well described by the one-orbital Hubbard
model. The same values of the parameters (t = 2.6eV
and U = 2t) have been used for all the molecules, thereby
suggesting that these parameters can also be employed
to describe larger PAHs or nano-graphene clusters.

For anthracene (fig. 1 (b)), the low-energy peaks for
the charged molecules are redshifted towards the experi-
mental energies when the GW approximation is used. We
also note the emergence of satellite peaks in the GW-H
spectrum that seem to correspond to experimental fea-
tures. When considering the charged tetraphene (fig. 1
(c)), we see the emergence of a group of peaks between
1.5 eV and 2 eV, visible as a continuum in the experimen-
tal spectrum. In addition, a minimum of absorption is

FIG. 4. Optical absorption cross-section of tetracene in the
neutral state (blue curves) and in the one-electron charged
state (red curves) within the GW-H model for different val-
ues of U ranging from U = 0 to U = 2.5t (top pannels).
Experimental results from Ref. 16 are shown for comparison
(bottom panel). For the simulations, an average over inci-
dent field orientations is performed. The cross-sections are
given in arbitrary units that are the same for the theoreti-
cal curves except for U = 2t and U = 2.5t curves that have
been multiplied by a factor of 2 for better visualization. The
values of the other parameters used here are t = 2.6eV and
η = 2.10−4 EH

t
.

observed both in GW-H and experimentally around 2 eV
and another group of peaks is present between 2.5 eV
and 3 eV.

For phenanthrene (fig. 1 (d)), one effect of the GW
corrections is to lower the position of the peak that is
just below 2 eV in TB and MF (note that those peaks
are not present in the experimental spectrum). Further-
more, there is a new small peak around 2.7 eV in the
GW-H spectrum, corresponding to the one seen in the
experiment spectrum. Note, finally, the presence of an-
other peak around 2.9 eV that is more pronounced in
GW-H than in TB and MF-H as well as in experiment.

Triphenylene (fig. 1 (e)) constitutes a less convincing
example of match between theory and experiment. We
note, however, that the absorption spectrum is wider in
GW-H than in TB or MF-H and we can see some multiple
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peak features a that are also present in the experimen-
tal spectrum. Overall, looking at fig. 1, the agreement
with experimental data is well improved for all the PAHs
considered when applying the GW approximation.

IV. CONCLUSION

We introduced a Green’s function formalism that in-
cludes electron-electron spin correlation based on a GW
approximation of the Hubbard model within a TB-based
approach. We compute the optical cross-section of PAHs
and demonstrate the role of spin correlation by com-
paring with TB and mean-field methods. The Green’s
function formalism also reduces the computational cost
associated with the evaluation of the non-interacting sus-
ceptibility (χ0) usually given by the Lindhard formula,
thus leading to the possibility of investigating larger and
more complex systems.

The use of GW and inclusion of correlation on top of
a tight-binding approach is slated to play an important
role in quantum plasmonics because it deals with collec-
tive excitations that are likely to be strongly dependent
on correlation. These correlations are expected to play
an important role especially in open-shell systems or in

topological states of graphene nanoribbons [15], among
other systems. The efficiency of our approach also opens
the possibility to investigate more complex systems than
can be described by semi-empirical methods such as de-
fective 2D materials and doped semiconductor nanocrys-
tals.
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I. NUMERICAL DETAILS.

The structures have been generated using the Pybind-
ing software [1]. A value of η = 2.10−4EH

t ' 0.05eV
– with EH = 27.21eV the Hartree energy – have been
used and 215 values of frequency ranging from −4πt to
4πt were employed to achieve numerical convergence and
good peak description.

We use a mixing scheme to accelerate convergence of
the Green’s function: the starting retarded Green’s func-

tion at iteration k + 1 (GR,ink+1 ) is given by:

GR,ink+1 = αGR,outk + (1− α− α′)GR,outk−1 + α′GR,outk−2 (1)

where GR,outk is the retarded Green’s function calculated
from the Dyson equation (see main text) at iteration k,
and α and α′ are mixing parameters.

In all numerical results presented here, the values α =
0.8 and α′ = 0 were used as they were found to help the
convergence scheme best. In the case of triphenylene,
we used the values α = 0.5 and α′ = 0.25, as those
parameters were found to yield faster convergence.

The Fermi levels have been calculated and aligned after
each iteration in order to conserve the total number of
particles. The value kBT = 25 meV was used throughout
this paper.

In practice, Fast Fourier Transforms (FFT) have been
used (numpy library) to convert information back and
forth between time and frequency domains.

II. ROLE OF THE η AND ζ PARAMETERS AND
EQUIVALENCE OF THE LINDHARD FORMULA
AND THE GREEN’S FUNCTIONS FORMALISM.

The Green’s functions formulation of the non-
interacting susceptibility (see Eq. (9) of the main text)
is mathematically equivalent to the Lindhard formula
(Eq. (3) of main text). This can be demonstrated by
taking the Fourier transform of the time-domain non-
interacting susceptibility in the Green’s function formal-
ism and then using the definition of the Fourier transform
of the Green’s functions and the integral expressions of

the Heaviside function and Dirac delta function:

Θ(t) =
i

2π
lim
ζ→0

∫ +∞

−∞

e−iωt

ω + iζ
dω

2πδ(ω − ω′) =

∫ +∞

−∞
ei(ω−ω

′)tdt

(2)

where ζ is a small positive parameter.
We also need to remember the expression of the non-

interacting lesser and greater Green’s functions to find
back the Lindhard formula:

G<0,ilσ,jl′σ(ω) = 2πi
∑

k

fFD(Ek)δ(ω − Ek)akilσ(akjl′σ)∗

G>0,ilσ,jl′σ(ω) = −2πi
∑

k

f̄FD(Ek)δ(ω − Ek)akilσ(akjl′σ)∗.

(3)

Numerically, the Dirac delta functions in the Green’s
functions are approximated by

− πδ(x) = lim
η→0

Im(
1

x+ iη
). (4)

with a broadening parameter η. Inserting Eq.(4) into
Eq.(3) leads to:

G<0,ilσ,jl′σ(ω) =
∑

k

fFD(Ek)
2iη

(ω − Ek)2 + η2
akilσ(akjl′σ)∗

G>0,ilσ,jl′σ(ω) = −
∑

k

f̄FD(Ek)
2iη

(ω − Ek)2 + η2
akilσ(akjl′σ)∗

(5)

Eq.(5) is equivalent to the definitions in the main text in
term of the matrix elements of the inverse of the Hamil-
tonian (Eqs. (7) and (8) in main text).

The ζ and η parameters in the Lindhard formula and in
the Green’s functions formalism have a mathematically
distinct origin (either from the definition of the Heavi-
side or the Dirac delta function) but they represent the
same phenomenon: the natural broadening of the elec-
tronic transitions in the non-interacting susceptibility χ0,
which is itself related to the life-time of the electron in
the state. Fig. 1 shows the influence of the η parameter
on χ0 computed in the Green’s functions formalism for
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FIG. 1. Real and imaginary parts of the (0, 0)-component of
the non-interacting susceptibility χ0(~r, ~r′) for the tetracene
molecule computed with the Green’s function formalism ap-
plied to the TB model for η = 10−3µ (left) and for η =

5.10−4µ (right). µ = EH
t

with EH the Hartree energy and
t = 2.6 eV the hopping parameter. ~r = 0 corresponds to the
atomic site located upwards at the extreme left of tetracene
(See Fig. 1 of the main text).

FIG. 2. Real and imaginary parts of the (0, 0)-component of
the non-interacting susceptibility χ0(~r, ~r′) for the TB approx-
imation of the tetracene molecule computed with the Green’s
functions formalism for η = 10−3µ (left) and with the Lind-

hard formula for ζ = 2.10−3µ (right). µ = EH
t

with EH the
Hartree energy and t = 2.6 eV the hopping parameter. ~r = 0
corresponds to the atomic site located upwards at the extreme
left of tetracene (See Fig. 1 of the main text).

the TB model (χ0(0, 0) is given as illustration). Increas-
ing the value of η leads to a broadening of the peaks in
the non-interacting χ0.

As stated before, ζ and η stands for the same broad-
ening mechanism but they differ from their mathemati-
cal origin and there is no obvious mathematical relation
between them. Nevertheless, we found that a value of
ζ twice as big as η represents approximately the same
broadening as can be seen from Fig. 2. This figure also
shows numerically the equivalence between the Green’s
functions approach and the Lindhard formula.

III. COULOMB SCREENING IN RPA AND
POLARIZATION EFFECTS FOR THE TB, MF-H

AND GW-H MODELS.

Fig. 3 shows the optical absorption cross section of
the neutral and the single-electron charged tetracene in
the three models considered (TB, MF-H and GW-H) for
different orientations of the incident electric field and in-
cluding or not the RPA screening.

The description of the Coulomb screening using the
RPA is crucial (comparing fig. 3 (a) and fig. 3 (b)) in all
the three models: in GW, the spin correlation is taken
into account but the Coulomb screening still need to be
included through RPA.

The atomic position of the molecules considered in this
work lie in the same plane. It is clear from Eq. (6) of
main text that there are no response for an electric field
perpendicular to this plane.

IV. ROLE OF THE U PARAMETER IN THE
MF-H MODEL

In the main text, the role of the U parameter has been
investigated in the GW-H model, leading to a choice of
the value U = 2t. The results of the optical absorp-
tion cross section in the MF-H model for the tetracene
molecule are shown at fig.4 for different values of U . The
low-energy peaks of the charged particle present almost
no shift while the U parameter increases. The peak of the
neutral particle undergoes a blueshift between U = 1.5t
and U = 2t and occurs at an energy larger than 3 eV for
U = 2.5t. None of the U value reproduce satisfactorily
the experimental data as well as in the GW-H model.

[1] Dean Moldovan, Misa Andelkovic, and Francois Peeters.
pybinding v0.9.5: a Python package for tight- binding
calculations, August 2020. This work was supported

by the Flemish Science Foundation (FWO-Vl) and the
Methusalem Funding of the Flemish Government.
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FIG. 3. Optical absorption cross section of the tetracene molecule in the neutral state (blue curves) and in the one electron
charged state (red curves). Absorption cross sections are computed without taking into account the Coulomb screening in RPA
(from χ0) in (a) and with the screening (from χRPA) in (b). In both (a) and (b), the left figures are from the TB model, the
middle figures are from the MF-H model and the right figures are from the GW-H model. In each graph, the curves correspond
to different polarizations of the incident electric field from electric field aligned with the main axis of the molecule(top curves)
to electric field perpendicular to them (bottom curves) (see arrows at the right of the graphs). Angles are spaced by π

12
.
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FIG. 4. Comparison of the optical absorption cross section
between the and for the MF-H model for different values of U
ranging from U = 0 to U = 2.5t and the experimental results
(at the bottom of the figure) for the tetracene molecule in the
neutral state (blue curves) and in the one electron charged
state (red curves). For the theoretical calculations, an average
over 7 different angles is taken (see main text). The cross
section are given in arbitrary units that are the same for the
theoretical curves. The values of the parameters are t = 2.6eV
and η = 2.10−4 EH

t
.


