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ABSTRACT
A theoretical study of the mechanisms of electroluminescence (EL) generation in photoactive molecules with donor and acceptor centers
linked by saturated σ-bonds (molecules of the Aviram–Ratner-type) is presented. The approach is based on the kinetics of single-electron
transitions between many-body molecular states. This study shows that the EL polarity arises due to asymmetric coupling of molecular
orbitals of the photochromic part of the molecule to the electrodes. The gate voltage controls the power of the EL through the occupancy
of the excited singlet state. The shifting of the orbital energies forms a resonant or a non-resonant path for the transmission of electrons
through the molecule. The action of the gate voltage is reflected in specific critical voltages. An analytical dependence of the critical voltages
on the energies of molecular states involved in the formation of EL, as well as on the gate voltage, was derived for both positive and negative
polarities. Conditions under which the gate voltage lowers the absolute value of the bias voltage that is responsible for the activation of the
resonance mechanism of EL formation were also established. This is an important factor in control of EL in molecular junctions.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0018574., s

I. INTRODUCTION

Clarification of the mechanisms of electron transport forma-
tion and control in nanoscale inorganic, organic, and biological
structures1–4 is one of the priority tasks of modern molecular elec-
tronics, molecular optoelectronics, and molecular spintronics.5–22

In molecular junctions “source (electrode 1)–molecule–drain (elec-
trode 2)”(1M2), the transmission of electrons is carried out along
complex routes, which in extreme cases are reduced to sequential
and interelectrode one-step electron hoppings (including superex-
change coherent jumps mediated by the structural units of the
molecular wires23–27). The effectiveness of transport routes depends
on a large number of factors. Among those, the main ones are the
couplings of molecular orbitals (MOs) to the conducting states of

the electrodes and the position of the MO levels relative to the Fermi
levels of the electrodes.

Molecular optoelectronics aims at using photoactive molecules
as elements of nanoscale devices, where the energy of light quanta is
converted into electron current or the energy of moving electrons is
used to generate light quanta. To this end, a large number of stud-
ies to reveal the nature of optoelectronic processes in 1M2 systems
have been performed (see, for example, papers on the formation
of light-induced conductivity (experiment28–31 and theory12,32–37)
and electrically driven for photon generation (experiment38–44 and
theory32,34,44–47).

It is well established that electron tunneling through a
nanoscale molecular junction can lead to the formation of plas-
mons. The frequencies of plasmons depend on the volume and
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configuration of the cavity in which the molecular junction is
located. If the frequency of the dipole plasmon mode coincides
with the frequency of the optical transition in the fluorophore-
containing molecule, the intensity of EL of the emitter molecule can
increase significantly.38,40,43,48–50 The studies of EL of the molecules
in which electronic states are formed from delocalized MOs pro-
vided an opportunity to use current theoretical models to explain
the conductive and electron-optical processes in 1M2 systems. As
an example, note the recent papers37 and Ref. 47, where theoretical
description based on the use of many-body molecular states was uti-
lized to analyze EL in a phthalocyanine molecule and polythiophene
chain molecule, respectively.

At the same time, the 1M2 junctions, where the molecular states
involved in conductivity and optical transitions are formed from
strictly localized fluorophore MOs, exist. This type of molecules were
proposed for use as molecular rectifiers by Aviram and Ratner in
their famous work.5 Aviram–Ratner (AR)-type molecules contain
donor (D) and acceptor (A) groups linked by saturated σ-bonds.
This stabilizes the localization of the transported electron at the
centers D and A, thereby improving the rectification properties of
D–σ–A molecules. The strong rectification properties of AR-type
molecules have been demonstrated by Metzger in numerous exper-
iments.51 The theory of electron transfer through localized frontier
MOs explains the strong bipolarity of the current–voltage (IV) char-
acteristics of the D–σ–A molecules by the difference in the energy
gaps between the levels of the mentioned MOs and Fermi levels
of the electrodes, as well as the difference between the coupling of
the sites D and A to the corresponding electrodes.52,53 It should be
noted here that, despite the fact that the IV characteristics of many
D–σ–A molecules have been investigated in sufficient detail, to the
authors’ knowledge, the features of the optoelectronic properties of
this type of molecules have not yet been studied. Meanwhile, since
these molecules have a pronounced asymmetry in the distribution of
electron density over the frontier MOs, one should expect a notable
bipolarity of both photoconductivity and EL. This argues for the
need of a detailed study of the optoelectronic properties of D–σ–A
molecules.

In this paper, we study the physics of EL formation in molecules
of AR (D–σ–A)-type under conditions when light quanta are gen-
erated by the bias voltage, in the presence of a gate voltage. An
important result of this study is that the gate voltage can tune
the position of the molecular levels to ensure the formation of
EL at a lower bias voltage. This opens up a new way to con-
trol the generation of photons in single-molecular optoelectronic
devices.

II. BASIC EQUATIONS
It was found that EL in molecular junctions can only be

observed if the chromophore group (fluorophore) of the molecule is
isolated from the electrodes so that non-radiative processes caused
by the interaction of the fluorophore with electrodes cannot quench
EL. For isolation, oxide films28,38,48,49 and monolayer-thick salt
islands37,43 are used. In the phenomenological description, these iso-
lating structures (spacers) are modeled by the tunneling barriers.
The same refers to the chains with saturated bonds, which connect
the chromophore structure of the molecule with the electrodes.44

Taking into account the isolation of the fluorophore by spacers 1 and

FIG. 1. A molecule of the Aviram–Ratner-type in the “electrode 1–molecule–
electrode 2” junction (1M2 system). Spacers 1 and 2 separate the photoactive
region of the molecule, D–σ–A, from the electrodes. The gate voltage Vg equally
shifts the energy levels of the molecule, while the bias voltage V creates a gra-
dient of the electric field between the grounded electrode 1 and electrode 2; this
gradient is used to excite the molecule.

2 (see Fig. 1), we suggest that the interaction of the fluorophore with
the electrodes does not lead to a notable change in the frequencies of
optical transitions in the fluorophore.

Despite the fact that EL is caused by interelectrode transfer of
single electrons, the transfer process itself occurs in a multi-electron
system. To take this fact into account, a many-body approach
is used to describe electron transfer. An example is the descrip-
tion of transient12,35,54 and stationary44 photocurrents in a molec-
ular photodiode, as well as stationary EL in photoactive molecular
junctions.37,43,46,47 Here, we use the approach in Ref. 55, in which
the occupation number representation allows one to simultane-
ously obtain kinetic equations for multi-electron molecular occu-
pancies (the probabilities of populating molecular states), as well as
expressions for the electron current12,35 and EL power.46,47

A. Hamiltonian of the “1M2 + photon field” system
We will consider the formation of EL under conditions where

the interactions of the fluorophore with the electrodes and the
photon field have little effect on the electronic terms of the fluo-
rophore. Therefore, the main part of interactions within the system
“1M2 + photon field” are concentrated in the Hamiltonian

H0 = Hel + Hf + Hm. (1)

In it,
Hel = ∑

rkσ
Erka

+
rkσarkσ , (2)

Hf = ∑
qξ

h̵ωq (b+
qξbqξ + 1/2), (3)

and
Hm = ∑

M(N)
EM(N) ∣M(N)⟩⟨M(N)∣ (4)

are the Hamiltonians of the electrodes, the photon field, and the
molecule, respectively. The creation (annihilation) Fermi operators
a+
rkσ(arkσ) and Bose operators b+

qξ(bqξ) act on the corresponding
one-particle states |Nrkσ⟩ and |nqξ⟩. We consider non-magnetic
electrodes in the absence of a magnetic field. Therefore, the elec-
tron energy in the conduction band of the rth electrode, Erk,
does not depend on the projection of the electron spin. Photons
are considered as free particles whose energy, h̵ωq = h̵cq, linearly
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depends on the modulus q = |q| of the photon wavevector q (c is
the speed of light). In the occupation number representation, the
eigenstates of the Hamiltonian (1) appear as47,55,56

∣a⟩ = ∣M(N))⟩
×∏rkσ ∣Nrkσ⟩ ×∏qξ ∣nqξ⟩, where Nrkσ = 0, 1 is the occupation num-
ber for an electron with wavevector k and spin projection σ = ±1/2(↑,
↓) in the conduction band of the r(= 1, 2)th electrode; nqξ = 0, 1,
2, . . . is the occupation number for the photon with wavevector q
and polarization ξ. Energy of the |a⟩th state is given by the expres-
sion Ea = EM (N ) +∑rkσErk Nrkσ +∑qξ h̵ ωq (nqξ + 1/2), which is the
eigenvalue of the Hamiltonian (1).

Transitions in the 1M2 system occur under the influence of the
interactions of the molecule with the electrodes and the photon field.
The first interaction can be represented in the form12,55

Vm−e = ∑
N,MM′

∑
rkσ
[VM′(N+1);rkσM(N)∣M

′
⟩⟨M∣arkσ

+ VrkσM(N);M′(N+1)a
+
rkσ ∣M⟩⟨M

′
∣], (5)

where the matrix element

VM′(N+1);rkσM(N) = ∑
λ
βλ,rk⟨M

′
(N + 1)∣c+

λσ ∣M(N)⟩ (6)

characterizes the process of molecular recharging, |1rkσ⟩|M(N)⟩
→ |0rkσ⟩|M′(N + 1)⟩, caused by the arrival of an electron from the
kσth occupied band state of the rth electrode. The reverse process,
|0rkσ⟩|M(N)⟩ → |1rkσ⟩|M′(N − 1)|⟩, is characterized by the matrix
element VrkσM′(N−1);M(N) = V∗M(N);rkσM′(N−1), where kσ should now
belong to the empty state of the conduction band. In the formula (6),
βλ ,rk is the spin-independent coupling between the λth MO and the
rkth state; c+

λσ(cλσ) is the electron creation (annihilation) operator
with the spin projection σ onto the λth MO (Table I). As in Ref. 44,
we assume that in the multi-electron system λ, there is a Kohn–Sham
MO.

The second type of interaction connects optical transitions in
a molecule with a photon field. In the dipole approximation, this
interaction reads

Vm−f = i ∑
N,MM′

GMM′(∣M⟩⟨M′∣ − ∣M′⟩⟨M∣), (7)

TABLE I. List of main variables utilized in this paper.

Symbol Meaning

μ1, μ2 Chemical potentials, Eq. (31)
V(Vg) Bias (gate) voltage
ηL(ηH) Voltage division factor, Fig. 4
ΔE(r)M(N)M′(N±1) Basic transmission gap, Eq. (16), Fig. 2

ΔE(r)
±j Transmission gap in the five-state model, Eq. (44)

ϵλ Energy of λth MO, Eq. (32)
Γ(r)λ Width parameter for λth MO, Eq. (42)
Ej, Eα Energies of molecular states; Eqs. (29) and (30)
Γj(Γα) Molecular width parameters, Figs. 5 and 7

ϵL(ϵH) Offset of the unbiased
LUMO(HOMO) level, Eq. (54)

V(r)αj Critical voltage, Eq. (53)

where quantity GMM ′ = (1/c)ωMM ′AdMM ′ characterizes the cou-
pling between the molecule and the field. In it, dMM ′ and ωMM ′

= (1/h̵)(EM (N ) − EM ′ (N )) are, respectively, the dipole moment
and frequency of the intramolecular optical transition |M(N)⟩
→ |M′(N)⟩ at the fixed number of electrons N. The vector poten-
tial of the electromagnetic field, A = ∑qξ Aqeqξ(bqξ + b+

qξ), is given
in the Coulomb gauge and in the Heisenberg representation;57

Aq = c(2πh̵/V0ωq)
1/2 is the amplitude of the vector potential

(V0 is the volume of the cavity in which the photon field is
formed).

The current passing through the 1M2 system is a non-
equilibrium transport process, where a molecule mediates an elec-
tron transmission from one electrode to another. If the transmission
is carried out with the participation of a fluorophore molecule, the
electron current can spend part of its energy on the formation of
EL. To describe the current and EL, it is convenient to use the non-
equilibrium density matrix method.58 In this method, the temporal
behavior of the physical value O is determined by the density matrix
of the system ρ(t) through the relation O(t) = tr(ρ(t)Ô), where Ô
is the operator of the O (in the Heisenberg representation). The
ρ(t) evolves in time t in accordance with the Liouville equation
ρ̇(t) = (i/h̵)[H, ρ(t)] − D̂ρ(t), where H is the Hamiltonian of the
open system and D̂ is the relaxation superoperator characterizing
dissipative processes in the system. In our case, the open system is
the “1M2 + photon field” system. It is assumed that the characteristic
transition times in the 1M2 junction, τtr , far exceed the characteristic
times τrel of relaxation processes, which are responsible for estab-
lishing the equilibrium distribution both between vibrational levels
in molecular terms and band levels in electrodes. (It is these fast
intramolecular and intrametal transitions that are represented in the
D̂.) For this reason, it becomes possible to describe the kinetic phe-
nomena in the “1M2 + photon field” system using the equilibrium
Boltzmann and Fermi distribution functions. The many-body states
|a⟩ include the states of quasicontinuous and continuous energy
spectra associated, respectively, with conduction bands and the pho-
ton field. This gives a reason to use the delta functions δ(Ea − Ea′ )
instead of Lorentzians (κaa′/2π)[(Ea − Ea′)2 + κ2

aa′/4]
−1.59 Thus, on

a time scale of the order Δt ∼ τtr≫ τrel, transitions between states |a⟩
and |a′⟩ can be characterized by rates,

Ka→a′ = (2π/h̵)∣Ta′a∣
2δ(Ea − Ea′). (8)

Expression (8) coincides exactly with the probability of a transition
in a unit time of a quantum system under the action of the opera-
tor T̂ = H′ + H′G(E)H′ for a transition on the energy shell E = Ea
= Eb.60,61 Here, H′ is the Hamiltonian responsible for direct a ⇌ b
transitions, and G(E) = [E − H + i0+

]
−1 is the Green operator in

which H is the total Hamiltonian of the system. Rates Ka→a′ specify
the Pauli master equation for the probabilities P(a; t) = ⟨a|ρ(t)|a⟩ to
find a many-body system in the ath quantum state,

Ṗ(a; t) = ∑
a′
[Ka→a′P(a; t) −Ka′→aP(a′; t)]. (9)

To get kinetic equations for the occupancies of molecular states,
P(M(N), t), put Ô = |M(N)⟩⟨M(N)| and, thus, P(M(N), t)
= tr′(ρ(t)|M(N)⟩⟨M(N)|) = ∑′aP(a, t) [the summation is taken over
all quantum numbers of the 1M2 system excluding the M(N)].Using
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this definition, we arrive at the following Pauli balance-like equa-
tions for molecular occupancies (cf. Appendix),

Ṗ(M(N); t) = − ∑
M′(N′)

[KM(N)→M′(N′) P(M(N); t)

− KM′(N′)→M(N) P(M
′
(N′); t)]. (10)

The transition rates are given by the expression

KM(N)→M′(N′) = K
(charging)
M(N)→M′(N′) + K(intramol)

M(N)→M′(N′), (11)

where the first component on the right-hand side characterizes the
transitions accompanied by the recharging of the molecule. Other
component,

K(intramol)
M(N)→M′(N′) = K

(f )
M(N)→M′(N) + K(nrad)M(N)→M′(N), (12)

includes the transition rates, which do not change the charge state of
the molecule.

1. Molecule charging rates
Molecule recharging is due to the interaction of the molecule

with the electrodes. Expressions for the corresponding rates are
presented in many papers.12,37,44,55 They can be represented as

K(charging)M(N)→M′(N′) = ∑
r
χ(r)M(N)→M′(N′), (13)

where rate

χ(r)M(N)→M′(N′) = (1/h̵)Γ
(r)
M(N)→M′(N′)

× [fr(E)δN′ ,N+1 + (1 − fr(E))δN′ ,N−1] (14)

characterizes the hopping of an electron between the molecule and
the rth electrode. In Eq. (14), fr(E) = {exp [(E − μr)/kBT] + 1}−1 is
the Fermi distribution function (μr is the chemical potential of the
rth electrode and T and kB are the absolute temperature and Boltz-
mann constant, respectively). The maximal value of the hopping rate
is determined by the quantity

Γ(r)M(N)→M′(N′) = 2π∑
kσ
[∣VM′(N+1);rkσM(N)∣

2δN′ ,N+1

+ ∣VrkσM′(N−1);M(N)∣
2δN′ ,N−1]δ(Erk − E), (15)

which in accordance with the definition of matrix elements
VM ′ (N+1);rkσM (N ) and VrkσM ′ (N−1);M (N ) depends on how the
recharge energies of the molecule, E = EM′(N+1) − EM(N) (if
N′ = N + 1) and E = EM(N) − EM′(N−1) (if N′ = N − 1), are located
with respect to the chemical potential of the rth electrode (Fig. 2).
This means that rates (14) are controlled by the magnitude and sign
of the transmission gaps,35,47

ΔE(r)M(N)M′(N+1) = (EM′(N+1) − EM(N)) − μr ,

ΔE(r)M(N)M′(N−1) = μr − (EM(N) − EM′(N−1)).
(16)

If the gaps are positive, then it is more favorable for the molecule
to be in a state with a given number of electrons N than in states

FIG. 2. Signs of main transmission gaps, Eq. (16), are determined by the energy
distance between the chemical potential of the r th electrode, μr , and the energy
difference between negatively charged, |M(N′ = N + 1)⟩, and neutral, |M(N)⟩,
molecular states (a), and also between neutral, |M(N)⟩, and positively charged,
|M(N′ = N − 1)⟩, states (b).

with a reduced (N′ = N − 1) or increased (N′ = N + 1) number of
electrons.

2. Intramolecular transition rates
Intramolecular transitions, M(N)→M′(N), at which the num-

ber of electrons does not change, can occur both with emission or
absorption of quanta of the electromagnetic field and non-radiation.
In the presence of a photon field, transitions are initiated by interac-
tion (7). When considering the spontaneous emission of a molecule,
it is assumed that the photon field has a continuous energy spectrum
in the vicinity of the frequency ωq = ωMM ′ > 0. Therefore, the rate of
the spontaneous radiation can be written as

K(f )M(N)→M′(N) = ∑
qξ

Kqξ(M(N) →M′(N)), (17)

where

Kqξ(M(N) →M′(N)) =
2π
h̵2 ∣EqξdMM′ ∣

2 δ(ωMM′ − ωq) (18)

is the contribution to the transition rate associated with a single
photon mode qξ under condition q2

= (ωMM′/c)2. In Eq. (18),
Eqξ = (i/c)ωqAqeqξ is the electric component of the photon field. As
for the rate of non-radiative transitions,

K(nrad)M(N)→M′(N) = K
(i)
M(N)→M′(N) + K(ine)M(N)→M′(N), (19)

and the contribution to it is provided by the intramolecular con-
version [component K(i)M(N)→M′(N)], as well as the inelastic electron
tunneling due to the interaction (5). The rate of inelastic tunneling,
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K(ine)M(N)→M′(N) = ∑
r,r′

KrM(N)→r′M′(N), (20)

is determined by the components [cf. Eq. (A4)],

KrM(N)→r′M′(N)

=
1
πh̵

Θ(μr + EM(N) − μr′ − EM′(N))

×∑
M̃

⎧⎪⎪⎪
⎨
⎪⎪⎪⎩

Γ(r)M(N)→M̃(N+1)
Γ(r

′
)

M̃(N+1)→M′(N)

ΓM̃(N+1)

×

⎡
⎢
⎢
⎢
⎢
⎢
⎣

arc tan
2ΔE(r

′
)

M̃(N+1)M′(N)

ΓM̃(N+1)
− arc tan

2ΔE(r)M̃(N+1)M(N)

ΓM̃(N+1)

⎤
⎥
⎥
⎥
⎥
⎥
⎦

+
Γ(r

′
)

M(N)→M̃(N−1)
Γ(r)M̃(N−1)→M′(N)

ΓM̃(N−1)

×

⎡
⎢
⎢
⎢
⎢
⎢
⎣

arc tan
2ΔE(r)M̃(N−1)M′(N)

ΓM̃(N−1)
− arc tan

2ΔE(r
′
)

M̃(N−1)M(N)

ΓM̃(N−1)

⎤
⎥
⎥
⎥
⎥
⎥
⎦

⎫⎪⎪⎪
⎬
⎪⎪⎪⎭

.

(21)

These rates characterize the process at which electrons occupying the
single-particle states kσ of the conduction band of the rth electrode
are transferred to the empty single-particle states k′σ′ of the con-
duction band of the r′th electrode. The quantity ΓM̃(Ñ) plays a role
of broadening of the molecular level EM̃(Ñ) caused by the interaction
with the electrodes. It can be evaluated based on expressions

ΓM(N) = ∑
r
∑

M′(N′)
Γ(r)M(N)→M′(N′)Θ(ΔE

(r)
M(N)M′(N′)) (22)

and (15). A fundamentally important conclusion follows from
Eq. (22): the broadening of the molecular level with energy EM (N )
substantially depends on the sign of the transmission gaps (7) and,
as a result, is controlled by an electric field (see details in Sec. III).

B. Electron current
To obtain the expression for the electron current outgoing from

the rth electrode, Ir(t) = eṄr(t), we note that the number of elec-
trons leaving the electrode per unit time can be found by using
the definition Ṅr(t) = ∑kσ Ṗ(1rkσ , t), where P(1rkσ , t) is the prob-
ability of population of the |Nrkσ⟩th conductive state at Nrkσ = 1.
To find the P(Nrkσ , t), we put Ô = |Nrkσ⟩⟨Nrkσ | and, thus, P(rkσ,
t) = tr(Nrkσρ(t)|Nrkσ⟩⟨Nrkσ |) = ∑aNrkσ⟨a|ρ(t)|a⟩ = ∑aNrkσP(a, t).
Therefore, the electron current is found from the expression

Ir(t) = e∑
rkσ
∑
a,a′

Nrkσ[Ka→a′Pa(t) −Ka′→aPa′(t)]. (23)

This yields

Ir(t) = e∑
N
∑
M
[Π(0)r (M;N) + Π(1)r (M;N)]PM(N)(t). (24)

Here,

Π(0)r = ∑
M′
[KrM(N)→r′M′(N) − Kr′M(N)→rM′(N)] (25)

and

Π(1)r = ∑
M′
[χ(r)M(N)→M′(N+1) − χ

(r)
M(N)→M′(N−1)] (26)

are the partial electron flows caused by electron transfer along routes
in which the molecule does not change its charge and changes its
charge by one unit, respectively. It is important that the formation
of current Ir(t) and populations P(M(N); t) is carried out by the
same kinetic processes and, therefore, is characterized by the same
transition rates.

C. Molecular radiation power
In classical electrodynamics, the radiation power of a system

having an induced dipole moment D is determined by the expres-
sion P(t) = −DĖ(t), where Ė is the time derivative of the electric
component of the electromagnetic field. Therefore, in the quantum
case, setting Ô = −dĖ, we obtain

P(t) = −tr(ρ(t)dĖ). (27)

Here, d is the operator of the dipole moment of the molecule, and
Ė = (i/h̵c)[A,Hf ] is the time derivative of the operator of the electric
component of the photon field. The rate of the intramolecular M(N)
→ M′(N) transition, accompanied by the emission of a single pho-
ton with a frequency of ωq = ωMM ′ , is determined by Eqs. (17) and
(18). When a cavity creates an average number of photons nqξ of the
mode qξ, then the molecule emits and absorbs the qξ-photon with
probabilities that are proportional to the factors (nqξ + 1)P(M(N),
t) and nqξP(M′(N), t), respectively. Expanding the expression (27)
with use of the method described in Ref. 47, we get [cf. Eq. (A2)]

P(t) = P(ωMM′ ; t) = ∑
qξ

h̵ωqKqξ(M(N) →M′(N))

× [(nqξ + 1)P(M(N), t) − nqξP(M
′
(N), t)]. (28)

This expression can be used to estimate the radiation power of
a molecule occurring in a photon field. The spontaneous emis-
sion occurs in the absence of photon generation in the cavity, i.e.,
for nqξ = 0.

III. FIVE-STATE MODEL OF THE FLUOROPHORE
To apply the above expressions to the description of EL, it is

necessary to specify the molecular states |M(N)⟩. In a condensed
medium, the formation of luminescence of a molecule occurs mainly
with the participation of the ground singlet, excited singlet, and
excited triplet states. Since the chromophore part of the molecule
in the optoelectronic 1M2 junction is well isolated from the elec-
trodes by using spacers, the three molecular states mentioned above
retain their participation in the formation of EL. At the same time,
the interaction (5) leads to the recharging of the molecule so that
the charged molecular states are also involved in the formation of
EL. To find the actual molecular states, |M(N)⟩, and the correspond-
ing energies, EM (N ), methods of quantum mechanics of molecules
are used (see the examples in Refs. 37 and 44). However, the basic
features of EL formation can be elucidated by setting states and

J. Chem. Phys. 153, 084105 (2020); doi: 10.1063/5.0018574 153, 084105-5

© Author(s) 2020

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

energies within the framework of widely used physical models. We
will employ the model where photoactive molecular states corre-
spond to those electronic configurations of a molecule that arise
when electrons occupy the HOMO and LUMO. For Aviram–Ratner
photochromic molecules, the formation of these MOs is shown
in Fig. 3.

The symbol M = M(N) includes electronic [m(N)] and vibra-
tional (vm = 0, 1, 2, . . .) quantum numbers of a molecule with N
electrons, i.e., |M(N)⟩ ≃ |m(N)⟩|vm⟩. Below, we will define N as the
number of electrons of a molecule in charge-neutral states. Since
the interaction (5) is responsible for one-electron charge exchange,
we will additionally take into account the states of the molecule
with the number of electrons N + 1 and N − 1. Let sZ = 0, ±1 be
the spin projection of the molecule in the excited triplet state, and
σ = ↑↓ is the projection of the spin of an electron located on the
HOMO (LUMO). Then, denoting through |m(N)⟩ = |S0⟩, |S⟩, |T,
sz⟩, |m(N − 1)⟩ = |+, σ⟩, and |m(N + 1)⟩ = |−, σ⟩, respectively, for
the neutral and charged molecular states, in the second quantiza-
tion representation, we have the following expressions: ∣S0⟩ ≡ ∣0⟩ =
∣c+
H↑c

+
H↓⟩, ∣S⟩ = (1/

√
2)∣(c+

H↑c
+
L↓ − c

+
H↓c

+
L↑)⟩, ∣T, 0⟩ = 1/

√
2∣(c+

H↑c
+
L↓ +

c+
H↓c

+
L↑)⟩, ∣mT , +1(−1)⟩ = ∣c+

H↑(↓)c
+
L↑(↓)⟩, ∣+, σ⟩ = ∣c+

Hσ⟩, and ∣−, σ⟩ =
∣c+
H↑c

+
H↓c

+
Lσ⟩. The corresponding energies of neutral (Ej, j = 0, S, T)

and singly charged (Eα, α = ±) molecular states are

E0 = 2εH ,
ES = εH + εL + UHL + (3/2)JHL,
ET = εH + εL + UHL − (1/2)JHL

(29)

and

E+ = εH ,
E− = 2εH + εL + 2UHL.

(30)

In Eqs. (29) and (30), quantity ελ is the orbital energy for Kohn–
Sham orbitals, λ = H(HOMO), L(LUMO). This energy shows a shift
due to a bias voltage V and a gate voltage Vg . If the electrode 1 is
grounded and, thus, the chemical potentials of the electrodes are

FIG. 3. Scheme of the formation of the HOMO and LUMO in Aviram–Ratner-type
molecules. Interaction VDA between the donor (D) and acceptor (A) photoactive
units leads to partial delocalization of the localized orbitals of the D and A units,
forming LUMO, LUMO + 1, HOMO, and HOMO −1. The values of ηL and ηH
characterize the distance from the “centers of gravity” of electron densities at the
LUMO and HOMO. The orbital energies of the latter are denoted by εL and εH ,
respectively.

μr = EF − ∣e∣Vδr,2 (31)

(EF is the energy of the Fermi level), then

ελ = ε
(0)
λ − ∣e∣Vg − ∣e∣ηλV (32)

[ε(0)λ is the unbiased orbital energy]. Parameter ηλ(<1) fixes the loca-
tion of the “center of gravity ” of the electronic density on the
HOMO (LUMO) relative to electrode 1 (cf. Fig. 3). In molecular
energies, quantities UHL and JHL are the parameters of the Coulomb
and exchange interaction of the electrons occupying the HOMO and
LUMO. Note that the energies ET and Eα correspond to molecular
states that are triple and double degenerate according to the spin
projection, respectively.

Calculating basic quantities (15) and (16) with the use of all
five molecular states |Mj⟩ and |Mα⟩ as well as corresponding ener-
gies Ej and Eα allows us to derive analytic expressions for above
molecular charging and molecular transition rates and, thus, to spec-
ify the kinetic equations, current, and molecular radiation power.
In this paper, we restrict ourselves to the analysis of the physical
mechanisms of the formation of only spontaneous EL in AR-type
molecules.

A. Power of EL at spontaneous emission
The purely spontaneous transition M(N)→M′(N) leads to the

generation of a single photon emitted by an excited molecule. In
the case under consideration, M(N) = mS, vS and M′(N) = m0, v0.
Putting nqξ = 0 in Eq. (28) and using Eq. (18), for the power of spon-
taneous emission at the mSvS→m0v0 transition, we get the following
expression:

P(ωSvS ,0v0 ; t) =
4d2

s

3c3 ⟨v0∣vS⟩
2ω4

SvS ,0v0P(mS, vS; t). (33)

Here, ds is the value of the dipole moment of the pure electronic
transition, ⟨v0|vs⟩ is the overlap integral for the vibration func-
tions of the excited singlet and the ground singlet molecular terms,
and ωsvs ,0v0 = (1/h̵)(ESvS − E0v0) is the frequency of the optical
electron–vibration transition. At times t≫ τrel under consideration,
between the populations of the vibrational levels of the term m, there
is a relation P(m, vm; t)/P(m, v′m; t) = exp[−h̵ωm(vm − v′m)/kBT].
Therefore,

P(m, vm; t) =W(vm)P(m; t), (34)

where W(vm) = exp [−
̵hωmvm
kBT
]/∑vm

exp [−
̵hωmvm
kBT
] is the prob-

ability of occupancy of the vmth vibration level and P(m; t)
= ∑vm

P(m, vm; t) is the integral occupancy of the mth molecular
term. Given the equality (34), from Eq. (33), we obtain the following
expression for the radiation power at the frequency ω = ωSvS ,0v0 :

P(ωSvS ,0v0 ; t) = h̵ωSvS ,0v0Krad(ωSvS ,0v0)P(S; t). (35)

Here,
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Krad(ωSvS ,0v0) =
4d2

s

3c3h̵
ω3
SvS ,0v0W(vS)⟨v0∣vS⟩

2 (36)

is the rate of the spontaneous SvS → 0v0 transition. The integral
rate of the radiation transition MS → M0 is the sum of the partial
rates,

krad = ∑
vS ,v0

Krad(ωSvS ,0v0). (37)

B. Master equations for integral occupancies
of molecular terms

As follows from expression (35), the power of spontaneous
radiation is controlled by the population of the excited singlet
state/term of the molecule. The temporal behavior of P(S; t) and
the occupancies of other molecular states are determined by the
set of kinetic equations (10). Due to the relationship between par-
tial and integral occupancies, Eq. (34), the set (10) is reduced to
equations for integral occupancies P(m; t). For states degenerated
from the projections of spins, an additional summation is intro-
duced so that the integral occupancies of the triplet and charged
states/terms are defined as P(T; t) = ∑sZ ∑vT

P(TsZ , vT ; t) and
P(±; t) = ∑σ∑v± P(±σ, v±; t), respectively. Given these defini-
tions, we obtain from the basic Eq. (10) the following set of kinetic
equations (j, j′ = 0, S, T; α = +, −):

Ṗ(j; t) = −
⎡
⎢
⎢
⎢
⎢
⎣

⎛

⎝
∑
α
qj→α +∑

j′
qj→j′
⎞

⎠
P(j; t)

−
⎛

⎝
∑
α
qα→jP(α; t) +∑

j′
qj′→jP(j′; t)

⎞

⎠

⎤
⎥
⎥
⎥
⎥
⎦

,

Ṗ(α; t) = −∑
j
[qα→jP(α; t) − qj→αP(j; t)], (38)

where molecular occupancies satisfy the normalization condition,

∑
j
P(j; t) +∑

α
P(α; t) = 1. (39)

Figure 4 shows the scheme of transitions between the five states
involved in the formation of EL in a 1M2 junction. The transition
rates are determined by the expressions

qαj = (δj,0 + (1/2)δj,S + (3/2)δj,T) (K
(1)
α j + K(2)α j ),

qjα = (2δj,0 + δj,S + δj,T) (K
(1)
jα + K(2)jα ).

(40)

The kinetic equations (38) and the corresponding transition rates
(40) follow from the master Eq. (10) if relations of the type
∑σ∑vv′ χ

(r)
S,v→+,σ,v′P(S, v; t) = (1/2)K(r)S+ P(S; t) ≡ qS+P(S; t) are

used. Here, K(r)S+ = (Γ
(r)
L /h̵)∑vv′ W(v)⟨v

′
∣v⟩2[1− fr(ES,v −E+,v′)] is

the charging rate characterizing the transition between the electron-
vibrational states belonging to the MSth and M+th molecular terms.
Below, to discuss the physics of EL formation, we will choose a
simpler form for the rates by setting ⟨v′∣v⟩ = δv ′ ,v. This allows

FIG. 4. Scheme of one-electron kinetic transitions between many-body states of a
fluorophore in the model of five active molecular states, the integral occupancies
of which are denoted by Pj (j = 0, S, T) and Pα (α = ±). The degeneracy of states
according to spin projections is indicated in brackets.

us to write the elementary rates of the molecule recharge in the
forms

K(r)jα =
1
h̵
Γ(r)λ N(ΔE(r)αj ) (δj,S(T)(δα,+δλ,L + δα,−δλ,H),

K(r)0α =
1
h̵
Γ(r)λ N(ΔE(r)α0 ) (δα,+δλ,H + δα,−δλ,L),

(41)

and K(r)αj = exp [ΔE(r)αj /kBT]K
(r)
jα . Here,

Γ(r)λ = 2π∑
k
∣βλ,rk∣

2δ(Erk − ελ) (42)

is the width parameter characterizing the broadening of the level of
the λth MO. It is the parameters Γ(r)λ that characterize the kinetics
of electron transfer between the HOMO(LUMO) and the electrodes,
Fig. 5. Function

N(ΔE(r)αj ) = {exp[ΔE(r)αj /kBT] + 1}−1 (43)

controls the on/off resonance transmission of an electron between
the electrode and the molecule through a change in the sign of the
transmission gaps,

ΔE(r)+j = (E+ + μr) − Ej,

ΔE(r)
−j = E− − (Ej + μr).

(44)

In a similar way, using formulas (19) and (21) and the approach
derived in Refs. 35 and 47, we obtain

qj→j′ = K
(i)
j→j′ + K(ine)j→j′ . (45)

The rate K(i)j→j′ is determined by the interterm non-radiative transi-
tions. The component
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FIG. 5. The asymmetric coupling of the LUMO and HOMO to electrodes 1 and 2 is
manifested in the relations Γ(1)

L ≪ Γ(2)
L and Γ(1)

H ≫ Γ(2)
H between the parame-

ters Γ(r)λ , Eq. (42), which characterize the widths of the orbital energy levels ελ if
the latter take a virtual part in electron transmission. The broadening of the molec-
ular energy level is expressed through Γ(r)λ in accordance with formula (49). The
electronic configuration for the virtual excited state of the molecule is shown, which
corresponds to a certain arrangement of the LUMO and HOMO relative to chem-
ical potential electrodes. The corresponding broadening of the molecular energy
E∗ = ES ≃ ET is characterized by the value Γ∗/2 with Γλ = Γ

(1)
λ + Γ(2)

λ .

K(ine)j→j′ =
1

2πh̵ ∑
rr′(=1,2)

Θ(Ej + μr − Ej′ − μr′)

×

⎡
⎢
⎢
⎢
⎢
⎣

Γ(r)L Γ(r
′
)

L

Γ+
(φ(r)+j′ − φ

(r′)
+j ) +

Γ(r)H Γ(r
′
)

H

Γ−
(φ(r

′
)

−j′ − φ
(r)
−j )

⎤
⎥
⎥
⎥
⎥
⎦
(46)

determines the rate of j(= S)→ j′(= T) or j(= T)→ j′(= S) transitions,
whereas quantity

K(ine)j→j′ =
1
πh̵ ∑

rr′(=1,2)
Θ(Ej + μr − Ej′ − μr′)

+ [δj,0δj′ ,S(T) Γ
(r)
L Γ(r

′
)

H + δj,S(T)δj′ ,0 Γ
(r)
H Γ(r

′
)

L ]

× [
1
Γ+
(φ(r)+j′ − φ

(r′)
+j ) +

1
Γ−
(φ(r

′
)

−j′ − φ
(r)
−j )]} (47)

characterizes the rate of M0 ⇌ MS(T ) transitions. Intramolecular
transition rates [(46) and (47)] appear due to an inelastic interelec-
trode electron tunneling. This is reflected in the quantity

φ(r)αj = arc tan(2ΔE(r)αj /Γα), (48)

which includes the transmission gap ΔE(r)αj and the broadening of
the energy level Eα of a charged molecule,

Γα = ∑
r

⎧⎪⎪
⎨
⎪⎪⎩

[Γ(r)H δα,+ + Γ(r)L δα,−]Θ(ΔE(r)α0 )

+[Γ(r)L δα,+ + Γ(r)H δα,−]∑
j
(

1
2
δj,S +

3
2
δj,T)Θ(ΔE

(r)
αj )

⎫⎪⎪
⎬
⎪⎪⎭

. (49)

IV. RESULTS AND DISCUSSION
In accordance with the expressions (35) and (36), the power of

the spontaneous emission is proportional to the occupancy P(S; t)
of the excited singlet state of the molecule. This reflects the fact
of kinetic control of the radiation efficiency. Here, we consider the
steady state transmission regime that occurs when t ≫ τtr . During
this regime, the integral occupancies of molecular terms cease to
depend on time. We denote the corresponding occupancies as Pj
(j = 0, S, T) and Pα (α = +, −). Equations (35) and (36) show that
the power of a stationary EL at the frequency ω = ωSv ,0v ′ can be
represented as

P = Prad(ω)PS, (50)

where Prad(ω) = ∑v,v′ h̵ωSv,0v′Krad(ωSv,0v′) is the theoretically pos-
sible maximal integral power of the photon emission at the MS→M0
transition. In the simplest case, when ⟨v′|v⟩ ≈ δv ′ ,v , it reduces to

Prad(ω) =
4d2

s

3c3 ω4. (51)

The value of Prad(ω) reflects the efficiency of the intramolecular
transition, while the effect of electrodes on the EL power is con-
centrated in the PS. Below, the main attention is paid to elucidating
the control mechanisms of radiation power through the population
of the singlet state |S⟩. The value of PS, like other occupancies, is
determined from the set of kinetic equations under conditions Ṗ(j; t)
= 0 and Ṗ(α; t) = 0.

The necessary condition for the appearance of EL is the
inequality,

∣eV ∣ ≥ (ES − E0)/h̵. (52)

However, if the regime of resonant transmission of electrons across
the molecule is not fulfilled, then the radiation intensity is too low
to observe EL. As already noted above and in Refs. 46 and 47, for
the appearance of resonant transmission, it is necessary that the
basic transmission gaps (16) had negative values. The same refers
to the gaps (44) appearing in the model of five active molecular
states. In addition, for asymmetric molecules, which include AR-
type molecules, the relation between the parameters Γ(r)λ plays a
decisive role in the appearance of the EL polarity.47 Finally, the
non-radiative quenching of EL due to inelastic tunneling is of great
importance. The effectiveness of this quenching is determined both
by the values ΔEαj and Γ(r)λ , and by the broadenings Γ+ and Γ− of
virtual levels of the charged molecule.

A. Critical voltages

The condition ΔE(r)αj = 0, in which the transmission gap

changes its sign, determines the specific critical voltage V(r)αj at which
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a resonant electron transfer occurs between the rth electrode and
the molecule. Using definitions (44) and formulas (29)–(32), we can
write analytic expressions for all quantities V(r)αj . The photoactive
AR-type molecules probably belong to the molecules with a small
exchange interaction between groups D and A. This is due to the
weak overlap of the HOMO and LUMO wave functions localized
far from each other (cf. Fig. 5). So, JHL ≃ 0, and therefore, ES ≃ ET
≡ E∗. Given this circumstance, we obtain the following expressions
for critical voltages [V(r)αS ≃ V

(r)
αT ≡ V

(r)
α∗ ]:

V(r)+∗ =
2(ϵL/∣e∣ − Vg)

(2ηL − 1) − (−1)r
,

V(r)
−∗
=

2[(ϵH + Uc)/∣e∣ − Vg]

(2ηH − 1) − (−1)r
,

V(r)
−0 =

2[(ϵL + Uc)/∣e∣ − Vg]

(2ηL − 1) − (−1)r
,

V(r)+0 =
2(ϵH/∣e∣ − Vg)

(2ηH − 1) − (−1)r
.

(53)

[We use the Coulomb parameter Uc instead of ULH , assuming that
the interaction of the electron occupying the LUMO occurs not only
with the electron/electrons filling the HOMO but also with other
charges of the molecule.] In Eq. (53), the values ϵL and ϵH are the
offsets of the LUMO and HOMO levels from the unbiased Fermi
level. In the simplest model, they are

ϵL = ε̃(0)L + UHL − EF(> 0),

ϵH = ε(0)H − EF(< 0).
(54)

In this paper, ϵL and ϵH are considered only as parameters determin-
ing the LUMO–HOMO gap,

ΔELH = ϵL − ϵH . (55)

This gap corresponds to the energy ES − E0 = h̵ωS0 of a vertical
MS →M0 transition within the molecule with a negligible exchange
interaction.

Physically, in the vicinity of V = V(r)αj , the regime of electron
transmission through the molecule is rearranged, since it becomes
energetically more profitable for the molecule to change its elec-
tronic configuration. As Fig. 6 shows, the values of V(r)αj are well
manifested at those values of V near which at least one of the molec-
ular states is well populated. It is noteworthy that, at a given asym-
metry of the 1M2 system and chosen parameters, the appearance of
excited singlet and triplet states occurs due to transitions from a pos-
itively charged state, while a negatively charged state is practically
not realized.

B. Asymmetry in kinetics
Due to the lack of experimental data concerning the opto-

electronic properties of 1M2 junctions with AR-type molecules,
the parameters of the theory are considered as phenomenological
quantities. Therefore, graphs (6) and (8)–(10) demonstrate only

FIG. 6. Dependence of occupancies of states of AR-type molecules on bias volt-
age V in the absence of gate voltage (Vg = 0). The critical voltages, Eq. (53),

indicate those values of V = V(r)αj in the vicinity of which there is an abrupt change
in the populations P+, P−, P0, and P∗ = PS + PT . No changes are observed at
V(1)
−∗ ≤ V ≤ V

(2)
−∗ since in this voltage range, the populations P− and P∗ are neg-

ligible. The magnitude of the exchange interaction is small (JHL ≈ 0), and therefore,
changes in the values of PS and PT , as well as their total occupancy P∗, occur at
the same value of V. Parameters used in calculations: Γ(2)

L = Γ(1)
H ≡ Γ = 10−5

eV; Γ(1)
L = Γ(2)

H ≡ Γ′ = 10−6 eV; ϵL = 1.3 eV, ϵH = −0.7 eV; ηL = 0.55, ηH = 0.45;

K(i)ST = K(i)TS = 3 × 106 s−1, K(i)T0 = 3 × 103 s−1, K(i)S0 = krad = 3 × 109 s−1,

K(i)0S = K
(i)
0T = 0; and T = 100 K.

the qualitative behavior of the populations of the molecular states
involved in the kinetics of EL formation.

The asymmetry of the kinetics of electron transfer between the
molecule and each of the electrodes is notably manifested in the for-
mation of those electronic configurations in the molecule for which
the HOMO and LUMO levels are in resonance with the filled or free
levels of the conduction bands of the electrodes. For definiteness, we
are discussing a situation where

Γ(1)H = Γ(2)L ≡ Γ,

Γ(2)H = Γ(1)L ≡ Γ′(≪ Γ).
(56)

In accordance with the inequalities (56) (see also Fig. 5), we can
say that among the four possible electronic configurations shown
in Fig. 7(a), in the range V(2)+∗ < V < V(1)+0 , the configuration
with a positively charged molecule will be the most stable. How-
ever, if V < V(2)+∗ , Fig. 7(b), then the electronic configuration with an
excited molecule becomes the most stable. In this case, the resonance
mechanism of EL formation is turned on.

Thus, based only on the knowledge of the signs of transmis-
sion gaps and the relations between the parameters Γ(r)λ , it is possible
to predict which molecular state can be realized in a specific volt-
age interval. In particular, if the electrode 1 is grounded and the
inequality (56) holds, then the excited state |S⟩, responsible for the
appearance of EL, has the extreme population at V < V(2)+∗ . On the
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FIG. 7. Electronic configurations of a fluorophore molecule under conditions when
the energy of the LUMO level exceeds the chemical potentials of both electrodes
(a) or only one of the electrodes (b). Stable electron configurations correspond to a
positively charged molecule, M+, and an excited uncharged molecule, M∗ [(a) and
(b), respectively]. The broadening of molecular levels is shown when the corre-
sponding molecular states participate virtually in the transfer of electrons through
the molecule, ΓL = Γ(1)

L + Γ(2)
L .

contrary, EL is practically not realized with positive polarity. We
also note the minor occupancy of the state of a negatively charged
molecule with both positive and negative polarities. This fact indi-
cates that, in the voltage region under consideration, the Coulomb

interaction, characterized by the parameter Uc, has an insignificant
effect on the population of molecular states. The calculations show
a similar dependence of Pj and Pα on V, and there is a complete
coincidence of the bias voltage at which an abrupt change in the pop-
ulations occurs. This is clearly seen when comparing the behavior of
the occupancies in Figs. 6 and 8, as well as critical voltages given in
Table II.

Let us pay attention to another important result, which is due
to the formation of broadening of the energy levels of virtual molec-
ular states involved in a nonelastic electron transmission with the
rates (47). We consider a situation when electrodes are fabricated
from noble metals having wide conduction bands. Therefore, as is
assumed in many works, the orbital broadening parameters Γ(r)λ ,
Eq. (42), can be considered as independent of V, Vg , and E. At
the same time, the broadenings Γα, Eq. (49), of the molecular lev-
els significantly depend on where the value of V is relative to V(r)αj
(compare the widths of the molecular levels in Fig. 7).

C. Gate-tunable EL
We consider an example of photoactive asymmetric 1M2 junc-

tion where at Vg = 0 and chosen magnitude of parameters, the states
of a negatively charged molecule have a minor effect on electron
transmission, Fig. 9(b). However, the gate voltage is able to change
the magnitude of stationary occupancies at a fixed bias voltage. This
is clearly seen from the analysis of all panels represented in Fig. 9.
For example, a large magnitude of the occupancy P− appears at
positive Vg even at small negative V. It is very important that the
gate-tunable shift in the molecular energies can reduce the absolute
value of critical voltage V(2)+∗ , at which the formation of the excited

FIG. 8. Dependence of molecular occupancies on the bias voltage V for the same
magnitudes of the parameters as those in Fig. 6, with the exception of Uc and
Vg. Comparison with Fig. 6 shows that with the same offsets ϵL and ϵH , Eq. (54),

the following coincidence of critical voltages takes place: V(2)
+∗ = V(−)L , V(1)

+0

= V(−)H , V(2)
+0 = V(+)

H , and V(1)
+∗ = V(+)

L . This means that in the region under
consideration V, the Coulomb interaction associated with the parameter Uc has an
insignificant effect on the dependence of molecular occupancies on a bias voltage.
Parameters of calculations are the same as those in Fig. 6, except Uc and Vg.
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TABLE II. Numerical values (in eV) of critical voltages (C.V.) at zero gate voltage and
ϵL = 1.3 eV, ϵH = −0.7 eV, Eq. (54).

C.V. Uc = 0.5 Uc = 0 C.V.

V(2)
−0 −4.00

V(2)+∗ −2.89 −2.89 V(−)L
V(1)+0 −1.56 −1.56 V(−)H
V(1)
−∗

−0.44
V(2)
−∗

0.36
V(2)+0 1.27 1.27 V(+)H
V(1)+∗ 2.36 2.36 V(+)L
V(1)
−0 3.27

singlet molecular state starts. The occupancies are connected by nor-
malization condition (39), and therefore, an increase/decrease in the
occupancy of one state is reflected on the occupancies of other states.
The walls separate domains with different numerical values of one
and the same value of Pj or Pα. At the same time, the lines V = V(r)jα
along the walls divide the concrete pair of occupancies Pj and Pα.

A comparison of Figs. 9(b)–9(d) shows that, for Vg ≠ 0, there are
ranges of V and Vg values in which both positively and negatively
charged molecules can participate in the formation of excited singlet
and triplet states and, thus, in the appearance of EL. Moreover, at
Vg ≠ 0, the formation of an excited singlet state can occur at
lower absolute values of the bias voltage V. This is due to the fact
that the gate voltage shifting the orbital energies ελ, Eq. (32), rela-
tive to the position of chemical potentials μr , Eq. (31), adjusts the
molecular levels so that the corresponding transmission gaps (53)
change their sign from positive to negative at lower absolute values
of V.

As follows from the comparison of Figs. 6 and 8, as well as the
data in Table II, in the absence of a gate voltage, the appearance
of an excited state of the molecule and, thus, the generation of EL
occurs at V ≥ V(+)L and V ≤ V(−)L . The gate voltage leads to a shift
of critical potentials to a higher or a lower side. Our theory shows
that there are certain values of V(+)g and V(−)g , when EL genera-
tion begins to occur at lower absolute values of V, i.e., at V ≤ V∗+
(positive polarity) and V ≥ V∗− (negative polarity). The gate voltages
V(α)g are found from the condition V(α)H = V(α)L , where V(+)H = V(2)+0 ,
V(+)L = V(1)+∗ , V(−)H = V(1)+0 , and V(−)L = V(2)+∗ . According to (53), this
yields

FIG. 9. The behavior of stationary molecular occupancies P0, P−, P+, and P∗ = PS + PT under the influence of the bias and the gate voltages [ (a)–(d), respectively]. The
walls separating the populations follow the lines V = V(r)αj . Parameters of calculations are the same as those in Fig. 6, with the exception Uc = 0.
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V(+)g =
ϵL(1 − ηH) + ϵHηL
∣e∣(1 + ηL − ηH)

,

V(−)g =
ϵLηH + ϵH(1 − ηL)
∣e∣(1 + ηH − ηL)

.
(57)

V(+)g is positive if (1 − ηH)/ηL > |ϵH |/ϵL, and V(−)g is negative if ηH/(1
− ηL) < |ϵH |/ϵL. With the same arrangement of the “centers of grav-
ity” of the electron densities relative to electrode 1 (cf. Fig. 5), i.e.,
at ηL = ηH ≡ η, we get V(+)g > 0 if ϵL/ΔELH > η and V(−)g < 0
if |ϵH |/ΔELH > η, where ΔELH is the LUMO–HOMO gap, Eq. (55).
As an example, consider a particular case when ηH = 1 − ηL. Then,
V(−)g = V(+)g = (ϵL + ϵH)/2∣e∣. With the parameters that we use, this
yields V(−)g = V(+)g = 0.30 V, and accordingly, V∗+ = 1.82 V and
V∗− = −2.22 V. Figure 10 shows that it is precisely at these lowest (in
absolute values) bias voltages that spontaneous light emission can
appear in the 1M2 system under consideration.

The rates of non-radiative MS →M0 and MT →M0 transitions
caused by the interaction of a molecule with electrodes are equal. In
the regions V ≥ V(1)

−0 and V < V(2)
−0 , where EL is acceptable, Eq. (47),

and the inequality Γ ≫ Γ′, Eq. (56), yield K(ine)S→0 = K(ine)T→0 ≡ knrad.
The rate knrad is 2Γ/h̵ and (Γ′)2/Γh̵ with positive and negative polar-
ities, respectively. Despite the identity of non-radiative rates K(ine)S→0

and K(ine)T→0 , the stationary occupancy of the triplet state PT is much
higher than the stationary occupancy of the singlet state PS. This is
explained by the fact that the rate of the radiative transition K(rad)S→0

= krad, Eq. (36), strongly exceeds the rate K(rad)T→0 of magnetic dipole
transition. Thus, the triplet state is kinetically enriched in the pro-
cess of EL formation. This important circumstance should be taken
into account when analyzing experimental data on EL in 1M2 junc-
tions even with a weak exchange interaction between the donor and
acceptor centers of a photoactive molecule.

FIG. 10. The dependence of the spontaneous emission power of a molecule in the
photoactive molecular junction 1M2, Eq. (50), for various magnitudes of the gate
voltage. By changing Vg, suppression or stepwise rise of EL is achieved at a fixed
value of V. The voltages V∗− and V∗+ correspond to the lowest in the absolute
values of V at which EL begins to appear [compare with Fig. 9(d)]. Parameters of
calculations are the same as those in Fig. 6, with the exception of Vg.

The role of the gate tuning is clearly seen from a comparison
of the electronic configurations presented in Fig. 7. In the bias volt-
age region V(2)+∗ < V < V(1)+0 , the LUMO level is above the Fermi
level of electrode 2 [Fig. 7(a)]. The gate voltage shifts the LUMO
and HOMO levels down so that, at a certain value of Vg , the LUMO
level becomes lower than the Fermi level of electrode 2 and, thus,
is able to receive an electron from this electrode. If, in this case, the
HOMO level remains in energy higher than the Fermi level of elec-
trode 1, then due to inequality (56), the electronic configuration with
an excited molecule becomes more stable among other configura-
tions. Thus, the gate voltage contributes to the resonant inclusion of
EL. This is a new important mechanism for the tuning and control
of EL.

V. CONCLUSION
This work is devoted to elucidating the role of the bias volt-

age and the gate voltage in the formation and regulation of EL in
asymmetric molecules of the Aviram–Ratner (AR)-type, where the
D and A centers are linked by saturated σ-bonds.5 D–σ–A molecules
have good rectification properties.51 At the same time, no studies of
the optoelectronic properties of AR-type molecules have been pub-
lished. Our theoretical results show that the asymmetry of the 1M2
system, where the AR molecule acts as a fluorophore, leads to a
number of EL features. In order to study the physics of EL forma-
tion, in Sec. III, the kinetic approach developed for studying electron
transport processes in many-body systems (Sec. II) is adapted to
study electron transmission in a 1M2 system. To obtain analytical
expressions for the transition rates that determine the kinetics of EL
formation, we used a fluorophore model with five active states (the
ground and two excited states of a neutral molecule, as well as states
of a positively and a negatively charged molecule35,37,44,46). Such an
analytical treatment model can serve as an important step in under-
standing the physical processes in the devices based on individual
organic molecules.

The results that are important for understanding the processes
of formation and control of EL include the following. We showed
how kinetic processes in the 1M2 system regulate ET (electron trans-
fer) power through occupation of the singlet state. The transmis-
sion of an electron through the molecule, on one hand, leads to
an increase in the occupation of the singlet (and triplet) state and,
on the other hand, generates non-radiative quenching processes. In
addition, the spontaneous emission process itself contributes to a
decrease in the occupation of the singlet state. The kinetic equations
(38) presented here allow us to take into account these and other
processes through the corresponding rates and, thereby, to describe
the dependence of the EL power on the magnitude and polarity of
the bias potentials as well as gate potential (see PS behavior in Figs. 6
and 8–10).

If the |μ1 − μ2| energy is enough to excite the molecule, but
there is no resonant transfer of electrons between the molecule and
the electrodes, the gate voltage is able to shift the orbital energy
in such a way that the resonance regime of electron transmission
becomes possible. This regime is the basis for the occurrence of
EL. We have shown how, even under conditions of resonant elec-
tron transmission, an asymmetric coupling of molecular orbitals
to electrodes leads to a pronounced EL polarity. Thus, the prop-
erty of the gate voltage to tune the electron transfer regime in the
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photoactive molecular junction can be used to trigger EL or to can-
cel EL, which is an important physical controlling factor. This is
a quite new result that reveals the physics of optoelectronic pro-
cesses in photoactive molecules, especially in asymmetric AR-type
molecules.
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APPENDIX: TRANSITION RATES
To get analytical expressions for the rates that determine the

kinetic equations (10), we will follow the approach used in the
papers12,35,47,56. It is assumed that, as in mesoscopy, the electron-
transport process in the 1M2 junction does not notably change
the electron distribution in the conduction bands of the electrodes.
Therefore, on the right-hand side of Eq. (9), which is valid for t
≫ τrel, the occupancy P(a; t) of the many-body state |a⟩ contains
the product of time-independent one-particle occupancies P(nqξ ; t
≫ τrel) ≡ P(nqξ) and P(Nrkσ ; t ≫ τrel) ≡ P(Nrkσ). The latter coin-
cide with the Fermi distribution functions, i.e., P(1rkσ) ≃ fr(Erk)
and P(0rkσ) ≃ 1 − fr(Erk). Molecular occupancies and one-particle
occupancies satisfy the normalization conditions ∑M (N )P(M(N); t)
= 1, ∑∞ns=0 P(ns) = 1 (s ≡ qξ), and ∑Nν=0,1 P(Nν) = 1 (ν ≡ rkσ),
respectively. Using the definition P(M(N), t) = ∑N,n P(a, t), where
N = {Nrkσ} and n = {nqξ} are complete sets of the corresponding
quantum numbers, we obtain from the system of Eq. (9) a system of
Eq. (10), where

KM(N)→M′(N′) =
2π
h̵ ∑N ′ ,n′

∑
N,n
∏
s
P(ns)∏

ν
P(Nν)

× ∣⟨M′(N′);N ′,n′∣T̂∣M(N);N,n⟩∣2 δ

× [EM(N) − EM′(N′) +∑
ν
Eν(Nν −N′ν)

+∑
s
h̵ωq(ns − n′s)]. (A1)

In the 1M2 system under consideration, the operator for transi-
tions on the energy shell E = EM (N ) + ∑νEνNν + ∑sh̵ωsns = EM ′ (N ′ )

+ ∑νEνN′ν + ∑sh̵ωsn′s appears as T̂ = H′ + H′G(E)H′, where
G(E) = [E − (H0 + H′) + i0+

]
−1 is the Green operator [H0 is the

Hamiltonian (1) and H′ = Vm−e + Vm−f ]. The T̂ operator is con-
venient for getting the transition rates with the desired precision.
Since the interactions Vm−e and Vm−f are perturbations, we con-
sider the contribution to the kinetics of the main types of transition
rates caused by these perturbations.

In the Born approximation, for which ∣⟨a′∣T̂∣a⟩∣2 ≈ ∣⟨a′∣H′∣a⟩∣2,
the expression for molecular charging rates follows from Eq. (A1) if
in the H′ only the interaction Vm−e, Eq. (5), is used. The fact is also
taken into consideration that the number of photons of each mode

s = qξ does not change, i.e., n′s = ns. Similarly, to get an expression
for the radiation rate, it suffices to use the interaction Vm−f , Eq. (7),
and take into account the fact that in the Born approximation, the
electrons belonging to the electrodes do not participate in the radi-
ation M(N) → M′(N) transition, i.e., N′ν = Nν for any ν = rkσ. As a
result, we obtain from Eq. (A1) the following expression for the rate
of light emission:

K(emission)
M(N)→M′(N) = ∑

s
(1 + ns)Ks(M(N) →M′(N)), (A2)

where ns = ∑∞ns=0 nsP(ns) is the average number of photons of the
mode s = qξ. In the case of spontaneous emission, when ns = 0, we
obtain Eq. (17).

Interaction Vm−e can lead to a photonless intramolecular M(N)
→ M′(N) transition. The corresponding rate is obtained from
Eq. (A1) if for Vm−f = 0 the term H′G(E)H′ is used in the T̂ operator.
This leads to Eq. (20), where

KrM→r′M′ =
2π
h̵ ∑kσ,

∑
k′σ′

fr(Erk) [1 − fr′(Er′k′)]

× ∣⟨0rkσ ,M′1r′k′σ′ ∣Vm−eG(ϵ)Vm−e∣1rkσ ,M0r′k′σ′⟩∣
2

× δ[Erk + EM(N) − Er′k′ − EM′(N)]. (A3)

Here, G(ϵ) = [ϵ − (He + H(eff )m )]
−1 is the Green operator with

ϵ = Erk + EM (N ) = Er ′ k′ + EM ′ (N ) and H(eff )m = Hm + Σ̂. As the Ve−m
is considered as the perturbation, then only diagonal elements of the
self-energy operator, ΣMM = ⟨M(N)∣Σ̂∣M(N)⟩, give the main contri-
bution in the effective Hamiltonian of the molecule. Thus, one can
put H(eff )m ≈ ∑M(N)(EM(N)−(i/2)ΓM(N))∣M(N)⟩⟨M(N)∣, where the
broadening ΓM (N )/2 = ImΣMM is defined through Eqs. (15) and (22).
With the introduction of the values ΓM (N ) and Γ(r)M(N)→M′(N±1), the
expression (A3) can be rewritten in the form

KrM(N)→r′M′(N)

=
1

2πh̵ ∫
+∞

−∞

dEfr(E − X(−)MM′)[1 − fr′(E + X(−)MM′)]

×∑
M̃

⎡
⎢
⎢
⎢
⎢
⎢
⎣

Γ(r)M(N)→M̃(N+1)
Γ(r

′
)

M̃(N+1)→M′(N)

(E + X(+)MM′ − EM̃(N+1))
2 + (ΓM̃(N + 1)/2)2

+
Γ(r

′
)

M(N)→M̃(N−1)
Γ(r)M̃(N−1)→M′(N)

(E − X(+)MM′ + EM̃(N−1))
2 + (ΓM̃(N−1)/2)2

⎤
⎥
⎥
⎥
⎥
⎥
⎦

, (A4)

where X(±)MM′ ≡ [EM(N) ± EM′(N)]/2. Note now that a notable dif-
ference between the Fermi function fr(ϵ) and the Heaviside step
function Θ(μr − ϵ) takes place only in the vicinity of ϵ = μr of width
kBT. Following the results of Ref. 62, we can infer that if the offset
|μr − ϵ| exceeds kBT by more than one order of magnitude, then
to calculate the integral, replacing f r(ϵ) with Θ(μr − ϵ) is reason-
able. Taking this into account, we will replace the integration interval
[−∞, +∞] by [μr +X(−)MM′ ,μr′ −X

(−)

MM′]. In the wide-band limit, which
is often used for the estimations, quantities Γ are independent of the
integration variable E. This allows us to calculate the integral and get
the expression (21), which works well if ∣ΔE(r)M(N)M(N±1)∣/kBT > 5.

J. Chem. Phys. 153, 084105 (2020); doi: 10.1063/5.0018574 153, 084105-13

© Author(s) 2020

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES
1L. Chua, “Resistance switching memories are memristors,” Appl. Phys. A 102,
765–783 (2011).
2A. K. Tatikonda, M. Tkachev, and R. Naaman, “A highly sensitive hybrid
organic-inorganic sensor for continuous monitoring of hemoglobin,” Biosens.
Bioelectron. 45, 201–205 (2013).
3Z. Shai and Q. Peng, “Excited states structure and processes: Understanding
organic light-emitted diodes at the molecular level,” Phys. Rep. 537, 123–156
(2014).
4B. G. Mathapa and V. N. Paunov, “Fabrication of viable cyborg cells with
cyclodextrin functionality,” Biomater. Sci. 2, 212–219 (2014).
5A. Aviram and M. A. Ratner, “Molecular rectifier,” Chem. Phys. Lett. 29, 277–283
(1974).
6Molecular Electronic Devices, edited by F. L. Carter (Marcel Dekker, New York,
USA, 1982).
7Special Issue, Chemical Physics, edited by P. Hänggi, M. Ratner, and S. Yaliraki
(Elsevier Science R.V. North Holland, 2002), Vol. 281, p. 111.
8“Introducing molecular electronics,” in Lecture Notes in Physics, edited by
G. Cuniberti, G. F. Fagas, and K. Richter (Springer Berlin Heildelberg, 2005), Vol.
680, pp. 1–518.
9M. Galperin, M. A. Ratner, and A. Nitzan, “Molecular transport junctions:
Vibrational effects,” J. Phys.: Condens. Matter 19, 103201 (2007).
10S. Sanvito, “Molecular spintronics,” Chem. Soc. Rev. 40, 3336–3355 (2011).
11M. Galperin and A. Nitzan, “Optical properties of current carrying molecular
wires,” J. Chem. Phys. 124, 234709 (2006).
12E. G. Petrov, V. O. Leonov, V. May, and P. Hänggi, “Transient currents in
molecular photo-diode,” Chem. Phys. 407, 53–64 (2012).
13S. V. Aradhya and L. Venkataraman, “Single-molecule junctions beyond elec-
tronic transport,” Nat. Nanotechnol. 8, 399–409 (2013).
14M. Ratner, “A brief history of molecular electronics,” Nat. Nanotechnol. 8, 378–
381 (2013).
15K. V. Raman, “Interface-assisted molecular spintronics,” Appl. Phys. Rev. 1,
031101 (2014).
16B. Cappozzi, J. Xia, O. Adak, E. J. Dell, Z. E. Lin, J. C. Taylor, J. B. Neaton,
L. Campos, and L. Venkataraman, “Single-molecule diodes with high rectification
ratios through environmental control,” Nat. Nanotechnol. 10, 522–527 (2015).
17R. Requist, P. P. Baruselli, A. Smogunov, M. Fabrizio, S. Modesti, and E. Tosatti,
“Metallic, magnetic and molecular nanocontacts,” Nat. Nanotechnol. 11, 499–508
(2016).
18D. Xiang, X. Wang, C. Jia, T. Lee, and X. Guo, “Molecular-scale electronics:
From concept to function,” Chem. Rev. 116, 4318–4440 (2016).
19J. C. Cuevas and E. Scheer, Molecular Electronics: An Introduction in Theory and
Experiment, 2nd ed. (World Scientific, Singapore, 2017).
20I. Baldea, Molecular Electronics: An Experimental and Theoretical Approach
(Pan Stanford, Singapore, 2017).
21M. Thoss and F. Evers, “Perspective: Theory of quantum transport in molecular
junctions,” J. Chem. Phys. 148, 030901 (2018).
22P. Tyagi, C. Riso, U. Amir, C. Rojas-Dotti, and J. Martínez-Lillo, “Exploring
room-temperature transport of single-molecule magnet-based molecular spin-
tronics devices using the magnetic tunnel junction as a device platform,” RSC Adv.
10, 13006–13015 (2020).
23V. Mujica, M. Kemp, and M. A. Ratner, “Electron conduction in molecular
wires. I. A scattering formalism,” J. Chem. Phys. 101, 6849–6855(1994).
24E. G. Petrov, I. S. Tolokh, A. A. Demidenko, and V. V. Gorbach, “Electron-
transfer properties of quantum molecular wires,” Chem. Phys. 193, 237–253
(1995).
25S. Priyadarshy, S. S. Skourtis, S. M. Risser, and D. N. Beratan, “Bridge-mediated
electronic interactions: Differences between Hamiltonian and Green function
partitioning in a non-orthogonal basis,” J. Chem. Phys. 104, 9473–9481 (1996).

26J. Jortner, M. Bixon, A. A. Voityuk, and N. Rösch, “Superexchange mediated
charge hopping in DNA,” J. Phys. Chem. A 106, 7599–7606 (2002).
27E. G. Petrov, “Modified super exchange model for electron tunneling across the
terminated molecular wire,” Phys. Status Solidi B 256, 1900092 (2019).
28S. W. Wu, G. V. Nazin, X. Chen, X. H. Qiu, and W. Ho, “Control of relative
tunneling rates in single molecule bipolar electron transport,” Phys. Rev. Lett. 93,
236802 (2004).
29C. B. Winkelmann, I. Ionica, X. Chevalier, G. Royal, C. Bucher, and V. Bouchiat,
“Optical switching of porphyrin-coated silicon nanowire field effect transistors,”
Nano Lett. 7, 1454–1458 (2007).
30A. S. Kumar, T. Ye, T. Takami, B.-C. Yu, A. K. Flatt, J. M. Tour, and P. S.
Weiss, “Reversible photo-switching of single azobenzene molecules in controlled
nanoscale environments,” Nano Lett. 8, 1644–1648 (2008).
31A. P. Yuen, S. M. Jovanovic, A.-M. Hor, R. A. Klenkler, R. A. Klenkler,
G. A. Devenyi, R. O. Loutfy, and J. S. Preston, “Photovoltaic properties of
M-phthalocyanine, fullerene organic soilar cells,” Sol. Energy 86, 1683–1688
(2012).
32M. Preston and A. Nitzan, “Current induced light emission and light-induced
current in molecular-tunneling junctions,” Phys. Rev. Lett. 95, 206802 (2005).
33B. D. Fainberg, M. Jouravlev, and A. Nitzan, “Light-induced current in molecu-
lar tunneling junctions excited with intense shaped pulses,” Phys. Rev. B: Condens.
Matter Mater. Phys. 76, 245329 (2007).
34M. Galperin and A. Nitzan, “Molecular optoelectronics: The interaction of
molecular conduction junctions with light,” Phys. Chem. Chem. Phys. 14, 9421–
9438 (2012).
35E. G. Petrov, V. O. Leonov, and V. Snitsarev, “Transient photocurrent in molec-
ular junctions: Singlet switching on and triplet blocking,” J. Chem. Phys. 138,
184709 (2013).
36Z. Hu, M. A. Ratner, and T. Seideman, “Modeling light-induced charge transfer
dynamics across a metal-molecule-metal junction: Bridging classical electrody-
namics and quantum dynamics,” J. Chem. Phys. 141, 224104 (2014).
37K. Miwa, H. Imada, M. Imai-Imada, K. Kimura, M. Galperin, and Y. Kim,
“Many-body state description of single-molecule electroluminescence driven by
a scanning tunneling microscope,” Nano Lett. 19, 2803–2811 (2019).
38X. H. Qui, G. V. Nazin, and W. Ho, “Vibrationally resolved fluorescence excited
with submolecular precision,” Science 299, 542–546 (2003).
39A. J. Park, S. J. Gesquiere, and P. F. Barbara, “F–V/SMS: A new technique
for studying the structure and dynamics of single molecules and nanoparticles,”
J. Chem. Phys. B 108, 10301 (2004).
40G. Reecht, F. Scheurer, F. Speisser, Y. J. Dappe, F. Mathevert, and G. Shull, “Elec-
troluminescence of a polythiophene molecular wire suspended between a metallic
surface and the tip of a scanning tunneling microscope,” Phys. Rev. Lett. 112,
047403 (2014).
41M. C. Chong, L. Sosa-Vargas,H. Bulou, A. Boeglin, F. Scheurer, F. Mathevet, and
G. Schull, “Ordinary and hot electroluminescence from single-molecule devices:
Controlling the emission color by chemical engineering,” Nano Lett. 16, 6480–
6484 (2016).
42G. Chen, Y. Zhang, Q. Zhang, Y. Luo, J.-L. Yang, Z.-C. Dong, and J. G. Hou,
“Electrically driven single-photon emission from an isolated single molecule,” Nat.
Commun. 8, 580 (2017).
43H. Imada, R. Miwa, M. Imai-Imada, S. Kawahara, K. Kimura, and Y. Kim,
“Single-molecule investigation of energy dynamics in a coupled plasmon-exciton
system,” Phys. Rev. Lett. 119, 013901 (2017).
44B. Fu, M. A. Mosquera, G. C. Schatz, M. A. Ratner, and L.-Y. Hsu, “Photoin-
duced anomalous Coulomb blockade and the role of triplet states in electron
transport through an irradiated molecular transistor,” Nano Lett. 18, 5015–5023
(2018).
45B. Fainberg and T. Seideman, “Photoinduced current in molecular conduc-
tion junctions with semicinductor contacts,” Phys. Status Solidi A 209, 2433–2436
(2012).
46E. G. Petrov, V. O. Leonov, and Y. V. Shevchenko, “Bipolar and unipolar
electrofluorescence in a molecular diode,” JETP Lett. 105, 89–97 (2017).
47E. G. Petrov, V. A. Leonov, and E. V. Shevchenko, “Electrofluorescence polarity
in a molecular diode,” J. Exp. Theor. Phys. 125, 856–874 (2017).

J. Chem. Phys. 153, 084105 (2020); doi: 10.1063/5.0018574 153, 084105-14

© Author(s) 2020

https://scitation.org/journal/jcp
https://doi.org/10.1007/s00339-011-6264-9
https://doi.org/10.1016/j.bios.2013.01.040
https://doi.org/10.1016/j.bios.2013.01.040
https://doi.org/10.1016/j.physrep.2013.12.002
https://doi.org/10.1039/c3bm60162e
https://doi.org/10.1016/0009-2614(74)85031-1
https://doi.org/10.1088/0953-8984/19/10/103201
https://doi.org/10.1039/c1cs15047b
https://doi.org/10.1063/1.2204917
https://doi.org/10.1016/j.chemphys.2012.08.017
https://doi.org/10.1038/nnano.2013.91
https://doi.org/10.1038/nnano.2013.110
https://doi.org/10.1063/1.4890496
https://doi.org/10.1038/nnano.2015.97
https://doi.org/10.1038/nnano.2016.55
https://doi.org/10.1021/acs.chemrev.5b00680
https://doi.org/10.1063/1.5003306
https://doi.org/10.1039/c9ra09003g
https://doi.org/10.1063/1.468314
https://doi.org/10.1016/0301-0104(95)00426-o
https://doi.org/10.1063/1.471690
https://doi.org/10.1021/jp014232b
https://doi.org/10.1002/pssb.201900092
https://doi.org/10.1103/physrevlett.93.236802
https://doi.org/10.1021/nl0630485
https://doi.org/10.1021/nl080323+
https://doi.org/10.1016/j.solener.2012.03.019
https://doi.org/10.1103/physrevlett.95.206802
https://doi.org/10.1103/physrevb.76.245329
https://doi.org/10.1103/physrevb.76.245329
https://doi.org/10.1039/c2cp40636e
https://doi.org/10.1063/1.4803697
https://doi.org/10.1063/1.4903046
https://doi.org/10.1021/acs.nanolett.8b04484
https://doi.org/10.1126/science.1078675
https://doi.org/10.1021/jp049583f
https://doi.org/10.1103/physrevlett.112.047403
https://doi.org/10.1021/acs.nanolett.6b02997
https://doi.org/10.1038/s41467-017-00681-7
https://doi.org/10.1038/s41467-017-00681-7
https://doi.org/10.1103/physrevlett.119.013901
https://doi.org/10.1021/acs.nanolett.8b01838
https://doi.org/10.1002/pssa.201200201
https://doi.org/10.1134/s0021364017020126
https://doi.org/10.1134/s1063776117110115


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

48F. Rossel, M. Pivetta, F. Patthey, and W.-D. Schneider, “Plasmon enhanced
luminescence from fullerene molecules excited by local electron tunneling,” Opt.
Express 17, 2714–2721 (2009).
49J. S. Seldenthuis, H. S. J. van der Zant, and J. M. Thijssen, “Electroluminescence
spectra in weakly coupled single-molecule junctions,” Phys. Rev. B 81, 205430
(2010).
50G. Tian and Y. Luo, “Electroluminescence of molecules in a scanning tunneling
microscope: Role of tunneling electrons and surface plasmons,” Phys. Rev. B 84,
205419 (2011).
51R. M. Metzger, “Six unimolecular rectifiers and what lies ahead,” in Introducing
Molecular Electronics. Lecture Notes in Physics, edited by G. Cuniberti, K. Richter,
and G. Fagas (Springer, Berlin, Heidelberg, 2006).
52E. G. Petrov, “Formation of a current through organic molecules with strongly
separated energy levels,” Mol. Cryst. Liq. Cryst. 467, 3–20 (2007).
53E. G. Petrov, Ye. V. Shevchenko, and M. V. Koval, “Current-voltage character-
istics of a molecule with localized Frontier orbitals,” Mol. Cryst. Liq. Cryst. 467,
59–69 (2007).
54L. Wang and V. May, “Laser pulse induced transient currents through a single
molecule,” Phys. Chem. Chem. Phys. 13, 8755 (2011).

55E. G. Petrov, “Toward a many-body theory for the combined elastic and
inelastic transmission through a single molecule,” Chem. Phys. 326, 151–175
(2006).
56E. G. Petrov, V. May, and P. Hänggi, “Kinetic theory of electron
transmission through a molecular wire,” Chem. Phys. 319, 380–408
(2005).
57R. Loudon, The QuantumTheory of Light (Clarendon Press, Clarendon, Oxford,
1973), Chap. 4.
58K. Blum, Density Matrix Theory and Applications, 3rd ed. (Springer-Verlag
Berlin Heiderberg, 2012), Chap. 8.
59The broadenings κaa′ are due to the relaxation transitions, represented in the
D̂ρ(t) term, and can manifest themselves in short relaxation times of the order
of τrel . The κaa′ is fundamentally different from the broadenings ΓM(N) formed by
interaction Vm−e.
60A. S. Davydov, Quantum Mechanics, 2nd ed. (Pergamon Press, Oxford, 1976),
Chap. XIV.
61J. M. Ziman, Elements of Advanced Quantum Theory (Cambridge University
Press, Cambridge, 1969), Chap. IV.
62I. Bâldea, Phys. Chem. Chem. Phys. 19, 11759 (2017).

J. Chem. Phys. 153, 084105 (2020); doi: 10.1063/5.0018574 153, 084105-15

© Author(s) 2020

https://scitation.org/journal/jcp
https://doi.org/10.1364/oe.17.002714
https://doi.org/10.1364/oe.17.002714
https://doi.org/10.1103/physrevb.81.205430
https://doi.org/10.1103/physrevb.84.205419
https://doi.org/10.1007/3-540-31514-4_13
https://doi.org/10.1007/3-540-31514-4_13
https://doi.org/10.1080/15421400701220361
https://doi.org/10.1080/15421400701220916
https://doi.org/10.1039/c0cp02399j
https://doi.org/10.1016/j.chemphys.2006.04.016
https://doi.org/10.1016/j.chemphys.2005.03.027
https://doi.org/10.1039/c7cp01103b

