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ABSTRACT: We present a pseudoparticle nonequilibrium Green function
formalism as a tool to study the coupling between plasmons and excitons in
nonequilibrium molecular junctions. The formalism treats plasmon-exciton
couplings and intramolecular interactions exactly and is shown to be especially
convenient for exploration of plasmonic absorption spectrum of plexitonic systems,
where combined electron and energy transfers play an important role. We
demonstrate the sensitivity of the molecule-plasmon Fano resonance to junction
bias and intramolecular interactions (Coulomb repulsion and intramolecular exciton
coupling) and compare our predictions for nonlinear optical effects to previous
studies. Our study opens a way to deal with strongly interacting plasmon-exciton
systems in nonequilibrium molecular devices.

SECTION: Physical Processes in Nanomaterials and Nanostructures

Recent progress in nanofabrication techniques and advances
in laser technologies opened new directions in research of

plasmonic materials on the nanoscale.1,2 Nanoplasmonics finds
its application in optical devices,3−6 photovoltaics,7−9 and
biology.10−13 In particular, field enhancement by surface
plasmons on the nanoscale allows the detection of optical
response in current carrying molecular junctions.14 Plasmon
coupling to molecular excitations15 is studied by a field of
research named plexcitonics.16 Such couplings yield a
possibility for coherent control of molecular systems17,18 and
are utilized in molecular photodevices.19−21

Advances in experimental techniques has caused a surge of
theoretical research in the areas of nanoplasmonics and
plexcitonics. Usually plasmon excitations are studied utilizing
the laws of classical electrodynamics,22−26 whereas the
molecular system is treated quantum-mechanically.27−32 We
used a similar scheme to study transport in molecular junctions
driven by surface plasmons.33,34 Recently, quantum descriptions
of plasmonic excitatitons started to appear. For example, time-
dependent density functional theory was employed to simulate
plasmon excitations in relatively small metallic clusters in refs
35−38, whereas ref 39 utilized a quantum master equation to
study the effect of plasmonic excitations on the current.
The observation of Fano resonances40 in plasmonic

nanostructures41 gave impetus to a quantum description of
excitations. Such considerations have been done for quantum-
dot−metal nanoparticle system, where the metal nanoparticle
was studied classically while oscillations of the quantum dot
were treated within a density matrix approach.42−44 Recently, a
fully quantum description of the model was reported in ref 45.

Finally, a mean-field quantum study of the dips in the
absorption spectrum of a molecule between a pair of metallic
spheres was presented in ref 46 within an equilibrium Green
function formalism. It relies on the factorization of the
collective excitations into separated plasmonic and molecular
contributions. In this respect, it is good to bear in mind that the
dips discussed in ref 46 can arise from both Fano-like
interference and hybridization of a molecule dipole and the
plasmon resonances.47 Strong hybridization is related to the
physics of avoided crossing of diabatic states corresponding to
the molecular resonance and plasmon and gives rise to a new
quasiparticle − the polariton.48−50 Thus, the mean-field type
factorization of the molecular and plasmon excitations is not
safe in the case of strong plasmon-exciton coupling.
Here we consider collective plasmon-molecule excitations in

a junction, where a molecule (M) is placed between two
nanoparticles (L and R), each representing a contact. The
molecule, modeled as a chain of D two-level systems, exchanges
electrons and energy with the contacts. Energy exchange is
modeled as exciton-plasmon coupling within the dipole
approximation. Both the molecule and plasmons are treated
quantum mechanically. We employ a pseudoparticle non-
equilibirum Green function (NEGF) formalism, described in
detail in our recent publication.51 The formalism allows us to
generalize the consideration of ref 46 to a nonequilibrium, finite
temperature situation, and to treat the system part (molecule
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and plasmons) exactly. The latter is important in the case of
strong plasmonic coupling to molecular excitations. We
evaluate the absorption spectrum of the junction and discuss
the influence of bias and intramolecular interactions (Coulomb
repulsion, U, and exciton hopping, J) on the spectrum.
The Hamiltonian of the junction is (here and below ℏ = 1)

∑̂ = ̂ + ̂ + ̂ + ̂ + ̂
=

H H H V H V( )
K

K KM P MP
L,R,rad (1)

Here ĤM is the molecular Hamiltonian
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Ĥp models plasmonic excitations in the nanoparticles as two
coupled dipoles, L and R,
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and V̂MP describes the exciton-plasmon coupling
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The contacts L and R are modeled as reservoirs of free
electrons

∑ ε̂ = ̂ ̂ =
κ

κ κ κ
∈
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and Ĥrad introduces the radiation field
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α α α
†H a arad

(6)

V̂K (K = L,R) and V̂rad describe the electron transfer between
the molecule and contacts and the plasmons and molecular
excitations coupling to the radiation field, respectively
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where cK = 1 (D) for K = L (R). Note that for simplicity we
ignore the quadrupole mode of the plasmons described in ref
46. This simplification does not influence the physics of the
Fano resonance discussed below (see Supporting Information).
In eqs 2−8 cĉs

† (cĉs) and κ̂
†c (cκ̂) are creation (annihilation)

operators for an electron in the molecular orbital s at the site c
of the chain and contact state κ, respectively, and a ̂α† (aα̂) is the
creation (annihilation) operator for a photon in mode α of the
radiation field. b ̂K†(b ̂K) creates (destroys) plasmons in a
nanoparticle (K = L,R) or excitons at a site c = 1,...,D of the
molecule (K = c, bĉ

† ≡ cĉe
† cĉg). N̂c ≡ ∑s=g,ecĉs

†cĉs is the total charge
of the site c.
Below we consider molecular chains of one (D = 1) and two

(D = 2) sites. The first model is used to extend the
consideration of ref 46 to nonequilibrium and beyond the
mean-field type of treatment. The second allows us to consider

influence of intramolecular energy exchange on the absorption
spectrum of the junction. In particular, we examine features of
exciton compensation of the Coulomb blockade52 in the
plasmon spectrum. Note that, in principle, the model (eqs
1−8) is capable of describing the optical spectrum features
related to Kondo physics. However, such consideration requires
going beyond the lowest order in the system-bath coupling (the
noncrossing approximation) employed below and is not
presented here.
Following ref 46 we seek to calculate the correlation function

τ τ τ τ′ = − ⟨ ̂ ̂ ′ ⟩†P i TD D( , ) ( ) ( )c (9)

of the bonding dipolar mode, D̂ = bL̂ + bR̂, which implies that
the two nanoparticles absorb photons in the same phase. This is
appropriate when assuming the incident photon field is
perpendicular to the nanoparticle dimer axis.46 Because we
consider a nonequilibrium situation, the Green function in eq 9
is defined on the Keldysh contour. τ and τ′ are contour
variables, and Tc is the contour ordering operator.
We assume that only one mode of the radiation field, ω0,

pumps the system. All other modes of the radiation bath are
empty. Moreover, the pumping mode is coupled to the bonding
dipolar mode, eq 9, and direct coupling to the molecule is
neglected. Absorption at the laser frequency, ω0, is given by a
photon influx into the system, which at steady state is (see
Supporting Information)53
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is the laser-induced mode population (δ is the laser
bandwidth), and P>(ω) is the Fourier transform of the greater
projection of P(τ,τ′), eq 9.
Here we briefly outline the pseudoparticle approach for

energy and electron transfer in junctions. For an in-depth
description, see, for example, ref 51 and references therein. The
total Hamiltonian, ref 1, is separated into the system, eqs 2−4,
and bath, eqs 5 and 6, parts. The system Hamiltonian is
represented on a basis of many-body states {|m⟩} (this may be
the eigenbasis of the system, or any other complete set of
many-body states in the system subspace), and thus all
interactions in the system subspace are treated exactly. Every
creation Ôν

† (annihilation Ôν) operator in the system is
expressed in terms of pseudoparticles via spectral decomposition

∑̂ ≡ ̂ ̂
ν

ν† †
O O d d

m m
m m m m

,1 2

1 2 1 2
(12)

where Om1m2

ν ≡ ⟨m1|Ôν
†|m2⟩. The pseudoparticle operator dm̂

†

creates the many-body state |m⟩ = dm̂
† |0⟩ (|0⟩ is vacuum state).

These operators follow the usual boson/fermion commutation
relations within an extended Hilbert space. To specify the
physical subspace, the constraint

∑̂ = ̂ ̂ =
†

Q d d 1
m

m m
(13)

must be applied. In the extended Hilbert space the
pseudoparticle Green’s function
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τ τ τ τ′ ′ = − ⟨ ̂ ̂ ′ ⟩′
†

G i T d d( , ) ( ) ( )mm m mc (14)

satisfies the usual Dyson equation, G = g + gΣG, where Σ is the
pseudoparticle self-energy due to the coupling to the baths, eqs
7 and 8. (See the Supporting Information for details.)
The Green function in eq 9 is obtained utilizing eq 12. We

need its greater projection to calculate the absorption spectrum
in eq 10. The explicit expression is

∫∑ω χ χ ζ

π
ω

= * ×

− +

>

′∈

′ ′ ∈

′ ′
′

−∞

∞

′ ′
<

P E

G E G E

( ) d

1
Im[ ( )] ( )

K K

m m m m M

m m
K

m m
K

m

m m
r

m m

, {L,R}

, , ,1 1 2 2

1 2 1 2 2

1 1 2 2 (15)

where χm1m2

K ≡ ⟨m1|bK̂
† |m2⟩ and ζm = 1 (−1) if state |m⟩ is

bosonic (fermionic), and Gr(<) are the retarded (lesser)
projections of the pseudoparticle Green function, eq 14.
Here we present the results of numerical simulations for the

model, eq 1, which demonstrate the effect of electron transport
on the plasmon absorption spectrum, and, in particular, on the
Fano resonance.40 Following ref 46, most of the calculations
below are performed in the optical linear response regime
(optical linear response corresponds to disregarding effect of
laser on the system), with nonlinear optical effects shown in
Figure 2.
To make our calculations representative of a realistic

junction, we use the parameters proposed in ref 46. Unless
otherwise specified, the parameters are T = 300 K, εe = −εg =
1.6 eV, U = 1 eV, ΩL = ΩR = 3.49 eV, and ΔPP = 125 meV.
Below, for D = 1, we follow ref 46, taking Δ1L = Δ1R = 20 meV.
For molecular dimer (D = 2) this parameter represents
coupling to the closest plasmon, Δ1L = Δ2R = 20 meV. To
estimate the coupling to the other plasmon, we take into
consideration that the electric field created by the dipole
plasmon varies as ∼1/r3 (r is the distance from the center of the
sphere).54 Then, for the parameters of ref 46 and taking the
distance between the molecules in the dimer ∼1 nm, we get
Δ1R = Δ2L = 15.75 meV. The electron escape rate to the
contacts is ΓcKs

K = 1 meV (K = L,R, s = g,e), the dissipation rates
are γL = γR = 86 meV for the plasmons and γM = 4 meV for the
molecular exciton(s). The laser bandwidth is δ = 1 meV. The
Fermi energy is chosen at the origin, EF = 0, and bias Vsd shifts
the chemical potentials in the contacts as μL = EF + ηVsd and μR
= EF − (1 − η)Vsd. Here η is the voltage division factor. Below
we consider symmetric, η = 0.5, and asymmetric, η = 1, bias
divisions.
Single Molecule (D = 1). We work in the basis of many-body

states |SM,PL,PR⟩ characterized by the states of the molecule SM
∈ {0,g,e,2} and excitation states of the plasmons PL,R ∈
{0,1,2,...}. At equilibrium, the principle optical transition that
controls the absoprtion spectrum is between the ground state,
|g,0,0⟩ and two excited plasmon states, |g,1,0⟩ and |g,0,1⟩. The
coupling, ΔMP, between |g,1,0⟩ (|g,0,1⟩) and |e,0,0⟩ is the origin
of the Fano resonance in the absorption spectrum.
Figure 1 shows the effect of bias on the Fano resonance. For

asymmetrically applied bias, η = 1, and in the absence of
Coulomb repulsion, U = 0, both neutral, |g,0,0⟩, and anion,
|2,0,0⟩, molecular states become equally populated above the
threshold, μL = εe. Because the anion state cannot exchange
energy with the plasmons, the Fano resonance decreases to
∼50% relative to its equilibrium value. (See Figure 1b.)

Finite Coulomb repulsion causes this transition to shift by U
to higher biases. (See Figure 1c.) Moreover, in the region εe <
μL < εe + U, the Fano resonance increases. This is due to a
partial blocking of the virtual transition from |g,1,0⟩ (|g,0,1⟩) via
|e,0,0⟩ to |0,0,0⟩ by the Fermi distribution in the left contact.
The blocking renormalizes the local density of the |g,1,0⟩ and
|g,0,1⟩ states, which are responsible for the Fano resonance.
Note that this is a combined electron/energy transfer
mechanism, which is readily accounted for by the pseudo-
particle NEGF formalism. Note also that in the standard NEGF
formalism a fourth-order perturbation theory is required to take
the effect into account.
We next consider a symmetrically coupled junction, η = 0.5.

In the absence of Coulomb repulsion, U = 0, reaching the
threshold results in equal population for all molecular states:
cation |0,0,0⟩, neutral ground |g,0,0⟩, neutral excited |e,0,0⟩, and
anion |2,0,0⟩. This would imply reduction in Fano resonance to
∼25% of its equilibrium height. The observed reduction of
∼40% (Figure 1d) is due to the energy transfer between
molecule and plasmon (and strong dissipation of the plasmon),
which causes quick relaxation of the molecular exciton |e,0,0⟩,

Figure 1. Plasmon absorption spectrum Iabs(ω0)/γN0δ, eq 10, as a
function of bias Vsd (a) and close-up of the Fano resonance (b−e).
Calculations with asymmetrically applied bias, η = 1, are performed
with U = 0 in panels a and b and U = 1 eV in panel c. Results for
symmetrically applied bias, η = 0.5, are shown in (d) U = 0 and (e) U
= 1 eV. See text for other parameters.
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thus increasing the population of to the neutral ground state
|g,0,0⟩.
Finite U reveals four distinct Fano resonance regions (Figure

1e): (1) Below threshold Vsd < εe − εg − 2U, Fano resonance
has its equilibrium appearance. (2) For εe − εg − 2U < Vsd < εe
− εg, the virtual transition from |g,1,0⟩(|g,0,1⟩) via |e,0,0⟩ to
|2,0,0⟩ is blocked from the right contact, because μR − εg < U.
This results in an increase in the Fano resonance due to a local
density of states renormalization by an electron/energy transfer
mechanism (similar to that discussed in Figure 1c). (3) For εe
− εg < Vsd < εe − εg + U, three molecular states (cation |0,0,0⟩,
neutral ground |g,0,0⟩, and neutral excited |e,0,0⟩) become
accessible. Quick relaxation of the molecular exciton, |e,0,0⟩ →
|g,0,0⟩, results in a population of the neutral ground state ∼2/3,
leading to a corresponding decrease in the Fano resonance
relative to its equilibrium value (see discussion of Figure 1d).
(4) For Vsd > εe − εg + U, all four molecular states are
accessible, and the Fano resonance reduces to ∼40% of its
equilibrium value.
Thus Figure 1 demonstrates sensitivity of the Fano

resonance to nonequilibrium conditions, which renormalize
the local molecular density of states resulting in measurable
consequences for the absorption spectrum of the system. Note
that the effect requires taking into account coherently coupled
electron and energy-transfer processes in an open non-
equilibrium molecular system. The pseudoparticle NEGF is a
convenient tool for such studies.
Figure 2 presents simulation beyond the optical linear

response regime. Calculations are done at Vsd = 0; other

parameters are as in Figure 1. Here the laser field is fully taken
into account. Increase in the intensity of the laser results in
population of the excited state of the molecule (see inset) and
suppression of Fano resonance. Note, however, that contrary to
predictions of ref 46 the Fano resonance is suppressed already
for nc = 0.3. The reason is additional broadening of the
resonance due to coupling to the pumping mode, disregarded
in previous treatment. Moreover, because population of the
excited state is different at different frequencies of the laser, the
slope of the Fano resonance also depends on the intensity of
the laser field. So, utilizing linear response theory in studies of

optical spectrum of molecular junctions, where hot spots yield
strongly enhanced local fields, is not always justified.
Molecular Dimer (D = 2). A molecular dimer allows for the

comparison of two energy-transfer mechanisms: the intra-
molecular and molecule-plasmon. Here the many-body states
are |S1,S2,PL,PR⟩, where S1 and S2 describe states of the first and
second molecule. We use the following parameters: te = tg = 5
meV and U = 2 eV. Other parameters are as in Figure 1.
Figure 3 demonstrates the effect of intramolecular exciton

coupling, J, on the absorption spectrum at large symmetric bias,

η = 0.5 and Vsd = 6 eV. In general, the energy-transfer coupling
J is controlled by electromagnetic environment that makes it
complex-valued.52 Here we consider J an independent
parameter for the sake of simplicity. With these parameters,
U is large enough to prevent double occupancy of either
molecule, and the spectrum demonstrates two Fano reso-
nances. The first does not change with J and is a result of the
plasmon coupling to transition between the singly occupied (N
= 1) molecular states with an electron on either site of the
dimer: |g,0,1,0⟩ (|g,0,0,1⟩) → |e,0,0,0⟩ or |0,g,1,0⟩ (|0,g,0,1⟩) →
|0,e,0,0⟩. The second peak is attributed to the plasmon coupling
to transition between doubly occupied (N = 2) states with both
sites populated by one electron: |g,g,1,0⟩ (|g,g,0,1⟩) → |e,g,0,0⟩
(|g,e,0,0⟩). These excited molecular states (|e,g,0,0⟩ and
|g,e,0,0⟩) are coupled by J, which results in a linear dependence
of the Fano resonance on the intramolecular excitonic coupling.
Note that such absorption signatures may provide direct
measurement of J in molecular dimers.
Recently, Li et al.52 demonstrated exciton compensation of

the Coulomb blockade for a dimer system. Figure 4 shows how
this physical phenomena affects the plasmon absorption
spectrum. Parameters of the calculation are te = tg = 1 meV,
U = 0.2 eV, and ΓcKc

K = 2 meV (K = L,R; s = g,e). Other
parameters are as in Figure 3. The Coulomb blockade is lifted
when −J ≈ U, as was discussed in ref 52 (see inset). One sees
that similar behavior is observed for the Fano resonance. The

Figure 2. Nonlinear effects in the plasmon absorption: Iabs(ω0)/γN0δ,
eq 10, for different intensities of laser field. Inset shows the population,
nc, of the molecular excited state |e,PL,PR⟩. See text for parameters.

Figure 3. Plasmon absorption spectrum Iabs(ω0)/γN0δ, eq 10, as a
function of J at symmetrically applied bias of Vsd = 6 eV. Arrows
indicate the Fano resonances attributed to the N = 1 and 2 charge
blocks of the system. See text for parameters.
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cause of enhancement of absorption spectrum is the same as
that for the transport and is related to unblocking (reducing
population) of the |2,0,PL,PR⟩ state (E ≈ εg + εe + U) when it
comes into resonance with an eigenstate of the |g,e,PL,PR⟩ and
|e,g,PL,PR⟩ pair (E ≈ εg + εe ± J). Therefore, the absorption
spectrum measurements can be used as a source of information
on the transport regime of the junction.
In conclusion, we have presented a pseudoparticle NEGF

approach to study the optical properties of plasmonic systems
interacting with a molecule in a current-carrying junction. The
formalism is exact in its description of the model plasmon-
exciton and intramolecular interactions so that collective
plasmonic-molecular excitations in the strong coupling regime
are treated properly. The method is an invaluable tool in
describing combined electron and energy-transfer processes in
the system. The latter are shown to play an important role in
understanding the plasmon absorption spectrum at non-
equilibrium. We demonstrated the ability to alter the Fano
resonance intensity by changing the junction bias. We further
discussed nonlinear effects in the spectrum and compared our
results with the mean-field equilibrium study of ref 46. For a
molecular dimer, we showed the sensitivity of the Fano
resonances to the intramolecular exciton coupling, and
discussed the possibility of revealing information on intra-
molecular interactions from plasmonic absorption spectrum.
Finally, we showed that the effect of exciton compensation of
Coulomb blockade, introduced recently in ref 52 for transport
through the junction, can also be measured in the absorption
spectrum. Practical implementation of the developed approach
based on its combination with consistent electrodynamical
calculations of the corresponding parameters will be published
elsewhere.
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