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Abstract

Electron transport and optical properties of a single molecule in contact with con-

ductive materials have attracted considerable attention owing to their scientific im-

portance and potential applications. With recent progresses of experimental tech-

niques, especially by the virtue of scanning tunneling microscope (STM)-induced light

emission, where the tunneling current of the STM is used as an atomic-scale source

for induction of light emission from a single molecule, it becomes possible to investi-

gate single-molecule properties at sub-nanometer spacial resolution. Despite extensive

experimental studies, the microscopic mechanism of electronic excitation of a single

molecule in STM-induced light emission is yet to be clarified. Here we present a for-

mulation of single-molecule electroluminescence driven by electron transfer between

a molecule and metal electrodes based on a many-body state representation of the

molecule. The effects of intra-molecular Coulomb interaction on conductance and lu-

minescence spectra are investigated using the nonequilibrium Hubbard Green’s function

technique combined with first-principles calculations. We compare simulation results

with experimental data and find that the intra-molecular Coulomb interaction is cru-

cial for reproducing recent experiments for a single phthalocyanine molecule. The

developed theory provides a unified description of both electron-transport and optical

properties of a single molecule in contact with metal electrodes driven out of equi-

librium, and thereby it contributes to a microscopic understanding of optoelectronic

conversion in single molecules on solid surfaces and in nanometer-scale junctions.

Keywords

Single molecule luminescence, exciton formation, scanning tunneling microscope-induced

light emission, nonequilibrium Hubbard Green’s function technique, time-dependent density

functional theory (TDDFT), Vibronic interaction
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Since the theoretical prediction of the possibility to use individual molecules as func-

tional building blocks in electronic devices1 and the first experimental realization of a single-

molecule conductance junction,2 the field of molecular electronics has experienced tremen-

dous development. Molecular junctions are now widely used as both nanoscale devices and

platforms for the study of fundamental physical properties of materials at nanometer scale.3,4

Furthermore, recent progress in nanometer-scale fabrication techniques combined with opti-

cal technologies has allowed optical experiments on current-carrying molecular junctions.5–17

These advances bring molecular electronics and optical spectroscopy together, leading to the

emergence of molecular optoelectronics.18,19

In the optical response of current-carrying molecular junctions, the electrons participate

in both conductance and optical scattering. Unified description of the two processes requires

combination of theoretical tools from quantum transport and optical spectroscopy.20,21 Note

that majority of quantum-transport formulations utilize quasiparticle language, while optical

spectroscopy traditionally employs molecular many-body states. This results in a variety of

optoelectronic formulations. For example, quasiparticle language was employed in current-

induced light emission,22–28 light-induced current,29–32 Raman scattering,33–37 and multi-

dimensional spectroscopy in junctions.38,39 Many-body formulations are usually restricted to

the Lindblad/Redfield quantum master equation (QME) level of theory.40–44 The latter is not

adequate for description of junctions where the energy of coupling between a molecule and at

least one of metal electrodes is higher than the thermal energy, so that Γ ≫ kBT (here Γ is

electron escape rate, kB is the Boltzmann constant, and T is temperature). Instead, one can

use many-body flavor Green function approaches, such as pseudoparticle nonequilibrium

Green functions (PP-NEGF)45 and NEGF formulated via Hubbard operators (Hubbard

NEGF).46 In these methodologies, molecule-electrodes coupling is taken into account within

proper diagrammatic perturbation series expansion. We note that many-body flavor Green

function approaches are free from limitations of the standard QME schemes. One of the

authors applied the PP-NEGF methodology to description of Raman scattering,47 multi-
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dimensional spectroscopy,48 and strong plasmon-exciton coupling (polariton)49 in junctions.

The Hubbard NEGF, recently introduced by us, was shown to be superior relative to the

PP-NEGF at low orders of diagrammatic expansion.50 Here we utilize the Hubbard NEGF

for description of transport and optical response in a single molecule junction.
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Figure 1: (a) Schematic picture of current-driven electroluminescence for a single phthalo-
cyanine molecule adsorbed on a few atomic layers of insulator grown on a metal substrate.
The tunneling current of a scanning tunneling microscope (STM) is used as an excitation
source for induction of light emission from a sample. (b) Schematic energy diagram for a
potential profile across a junction composed of the STM tip and a molecule adsorbed on
an insulating film-covered metal surface with sample bias voltage V . Electrostatic potential
drops both in the insulating film and in the vacuum region between the molecule and the
metallic tip. (c) Schematic picture of electron attachment to and detachment from a neutral
molecule (upper part), as well as optical excitation and de-excitation of the neutral molecule
(lower part). Black and white dots represent an electron and a hole, respectively. Horizontal
lines denote the energetic position of electron affinity (EA) and ionized potential (IP) for
the molecule.

Experimental techniques involving a scanning tunneling microscope (STM) have been

widely used to observe atomically resolved surface topography and to investigate the local

density of states, thus providing information on the molecular electronic structure. The

highly localized tunneling current of STM can also be used to induce light emission from

a molecule, enabling the investigation of molecular optical properties at sub-molecular spa-
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tial resolution in a well-defined manner [Figure 1(a)]. STM-induced light emission (STM-

LE) spectroscopy has been applied to investigate molecular electroluminescence,51–62 energy

transfer between individual molecules,63–65 and the interplay between the dielectric response

of metals and intra-molecular electronic excitations.24–26,66–68 For STM-LE from a single

molecule, a few atomic layers of insulator have been used to partially decouple the molecular

electronic structure from the electronic states of the underlying metal substrate.69,70 In such

a system, the differential conductance dI/dV spectra provide information on the electron

affinity (EA) and ionization potential (IP) of the molecule adsorbed on the surface.71 The

energy difference between the IP and EA of a given system is commonly defined as the fun-

damental gap of the system.72 The transport gap observed in the conductance measurement

is slightly wider than the fundamental gap. This could primarily be attributed to a drop of

the electrostatic potential both in the insulating film and in the vacuum region between the

molecule and the metallic tip [Figure 1(b)]. In photo-emission processes of a single molecule,

a key quantity is the optical gap, which differs from the fundamental gap by the exciton

binding energy that is often substantial [Figure 1(c)]. Therefore, the difference between the

measured transport and optical gaps is typically attributed to the exciton binding energy

and the potential drop.

In previous studies on STM-LE from an individual phthalocyanine molecule adsorbed on

an ultrathin NaCl film-covered Ag surface, Zhang et al. explained the difference between

the observed transport and the optical gaps in terms of the potential drop, whereas the

Coulomb interactions between electrons occupying molecular orbitals were neglected.63 As

the molecular electronic structure is partially decoupled from metal electronic states by the

insulating film, the intra-molecular Coulomb interaction is expected to play an essential role

in the electroluminescence process. For example, such interaction was shown to be signifi-

cant for description of intra-molecular charge transfer processes in junctions.73,74 However,

its effect on the STM-LE processes have not yet been discussed. Many-body states are a

convenient basis for such a study,75–80 and taking into account that an adsorbed molecule
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is not completely decoupled from the metal substrate (Γ ≫ kBT ) theoretical treatment

beyond Lindblad/Redfiled QME is required. In particular, such treatment allows us to ac-

count for broadened features resulting from the system-baths couplings (coupling with metal

electrodes, radiation field, etc.) in the spectrum.

Here we apply the Hubbard NEGF method46,50 to study effects of exciton binding energy

on conductance and luminescence spectra. The importance of intra-molecular Coulomb inter-

action is emphasized in explaining experimental data for a single phthalocyanine molecule,

and the microscopic mechanism for electronic excitation of the molecule in STM-LE pro-

cesses is proposed. We note that while below molecular excitation is assumed to be caused

by electron transfer between electrodes and molecule, an alternative mechanism due to energy

transfer was also suggested in the literature.65 While electron transfer, when it is energet-

ically accessible, will probably be one of main contributions to electroluminescence, energy

transfer may become dominant when electron transfer mechanism is blocked.

The paper is organized as follows. After the introduction of a molecular junction model,

the simulation of the current and photon fluxes is discussed. Subsequently, first-principles

calculations and comparison of the numerical results with the experimental data are pre-

sented. Based on the results, it is argued that the intra-molecular Coulomb interaction plays

an important role in in the STM-LE experiments in Refs. 63,64,67. The paper is concluded

by summarizing the findings and indicating directions for future research.

Model and Method. We consider a junction consisting of a molecule, M , coupled to

two electrodes, tip and sub, and to continuum of empty radiation field modes, ph. Born-

Oppenheimer (vibronic) states of the isolated molecule |S〉 ≡ |em〉 |v
(em)
n 〉 are chosen as a

basis in the molecular subspace. Here em denotes a particular state in electronic many-body

states of the molecule, and v
(em)
n indicates vibrational states for the electronic state |em〉.

Electrons in the electrodes and photons of the radiation field are described within standard
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second quantization. Hamiltonian of the junction is

Ĥ = ĤM +
∑

B=tip,sub,ph

(

ĤB + V̂B

)

. (1)

where HM and HB (B = tip, sub, ph) are Hamiltonians of the molecule and baths (electrodes

and radiation field). VB describes coupling between the molecule M and the bath B. Explicit

expressions are

ĤM =
∑

S∈M

ESX̂SS (2)

ĤK =
∑

k∈K

ǫkĉ
†
kĉk (3)

Ĥph =
∑

α

~ωαâ
†
αâα (4)

V̂K =
∑

k∈K
S1,S2∈M

(

V(S1S2),kX̂
†
S1S2

ĉk + H.c.
)

(5)

V̂ph =
∑

α
S1,S2∈M

(

U(S1S2),αX̂
†
S1S2

âα + H.c.
)

. (6)

Here, K = tip, sub indicates electrodes (STM tip and metal substrate), and X̂S1S2 = |S1〉〈S2|

denotes the Hubbard (projection) operator, ĉ†k (ĉk) and â†α (âα) create (annihilate) electron in

state k of the electrodes and photon in mode α of the radiation field, respectively. V(S1S2),k =

V(e1e2),k〈v
(e2)
2 |v

(e1)
1 〉 is the electron transfer (ET) matrix element from the electrode state k

into the molecule resulting in a transition between electronic states |e1〉 → |e2〉 (|e2〉 has one

electron more than |e1〉); the transition is dressed with the Franck-Condon overlap integral

〈v
(e2)
2 |v

(e1)
1 〉. U(S1S2),α = U(e1e2),α〈v

(e2)
2 |v

(e1)
1 〉 is the intra-molecular (optical) transition (OT)

matrix element between electronic states |e1〉 and |e2〉 caused by absorption of a photon with

frequency ωα.

Electron flux IK from the electrode K to the molecule M and photon flux Jph from the

molecule M into radiation field modes ph, are calculated from simple generalization of the
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celebrated Meir-Wingreen expression.81,82 Explicit expressions for the fluxes at steady-state

are

IK =

∫ +∞

−∞

dω

2π
IK(ω) ≡

∫ +∞

−∞

dω

2π

e

~
TrET [σ<

K(ω)G>(ω) − σ>
K(ω)G<(ω)] , (7)

Jph =

∫ +∞

−∞

dω

2π
Jph(ω) ≡

∫ +∞

−∞

dω

2π

1

~
TrOT

[

σ<
ph(ω)G>(ω) − σ>

ph(ω)G<(ω)
]

. (8)

Here TrET[. . .] and TrOT[. . .] indicates respectively trace over all electron and optical transfer

transitions in M . σ≶
K and σ≶

ph are lesser and greater projections of the electron self-energies

due to coupling to the electrode K and the radiation field

[σK(τ, τ ′)](S1S2),(S3S4)
≡

∑

k∈K

V(S1S2),k gk(τ, τ ′)Vk,(S3S4) (9)

[σph(τ, τ ′)](S1S2),(S3S4)
≡

∑

α

U(S1S2),α fα(τ, τ ′)Uα,(S3S4) (10)

where gk(τ, τ ′) = − i
~
〈Tc ĉk(τ) ĉ†k(τ ′)〉 and fα(τ, τ ′) = − i

~
〈Tc âα(τ) â†α(τ ′)〉 are respectively

Green functions for free electron in state k of the electrode K and free photon in mode α

of the radiation field. τ and τ ′ are the Keldysh contour variables, and Tc is the contour

ordering operator. G≶ in Eqs. (7)-(8) are lesser and greater projections of the molecular

nonequilibrium Hubbard Green function

G(S1S2)(S3S4)(τ, τ
′) = −

i

~
〈Tc X̂S1S2(τ) X̂†

S3S4
(τ ′)〉. (11)

Assuming timescale separation between dynamics of electron and vibrational molecular

degrees of freedom and following Ref. 83 we introduce decoupling inherent in the Born-

Oppenheimer approximation

G(S1S2)(S3S4)(τ, τ
′) ≈ G(e1e2)(e3e4)(τ, τ

′) K(

v
(e1)
1 v

(e2)
2

)(

v
(e3)
3 v

(e4)
4

)(τ, τ ′) (12)
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where

G(e1e2)(e3e4)(τ, τ
′) = −

i

~

〈

Tc X̂e1e2(τ) X̂†
e3e4

(τ ′)
〉

(13)

K(

v
(e1)
1 v

(e2)
2

)(

v
(e3)
3 v

(e4)
4

)(τ, τ ′) =

〈

Tc X̂v
(e1)
1 v

(e2)
2

(τ) X̂†

v
(e3)
3 v

(e4)
4

(τ ′)

〉

(14)

Dressing K with Franck-Condon overlap integrals yields generalized Franck-Condon factor

FC(

v
(e1)
1 v

(e2)
2

)(

v
(e3)
3 v

(e4)
4

)(τ, τ ′) = 〈v
(e1)
1 |v

(e2)
2 〉K(

v
(e1)
1 v

(e2)
2

)(

v
(e3)
3 v

(e4)
4

)(τ, τ ′) 〈v
(e4)
4 |v

(e3)
3 〉 (15)

Below we disregard effect of electron dynamics on the Frank-Condon factors FC. This

simplifies expression (12) by reducing consideration to diagonal molecular transfers only (i.e.

e1 = e3, e2 = e4, v
(e1)
1 = v

(e3)
3 , v

(e2)
2 = v

(e4)
4 ). Franck-Condon factors are evaluated under

assumption of equilibrium population of vibrational degrees of freedom. Evaluation of the

electron Green functions G employs second order diagrammatic technique for the Hubbard

Green functions (see Ref. 46 for details).

Hubbard NEGF simulations. Using many-body state representation of the molecule,

the information of the molecular electronic and vibrational structure obtained by first-

principles calculations can be conveniently incorporated into simulations of the electron

transport and the optical properties of molecular junctions.47,84 Molecular many-body states

(ground and excited electronic states in different charging blocks, vibronic molecular states,

etc.) calculated by quantum chemistry methods for the equilibrium isolated molecule are

utilized in the Hubbard-NEGF calculations as a basis for description of transport and optical

response of the molecular junction.

Here, the Hubbard NEGF method introduced above is used in theoretical modeling of

STM-LE experiment for a single metal-free phthalocyanine (H2Pc) molecule [Figure 2(a)]

adsorbed on three monolayers of NaCl grown on an Ag(111) surface. Qualitative analysis of

the effects of the electrostatic potential profile across the junction and the intra-molecular

Coulomb interaction on the system response is presented in the Supporting information,
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Section 1. It indicates that the latter plays an important role in reproducing conductance and

luminescence spectra observed in the experiments. Numerical study based on the Hubbard

NEGF simulations combined with first-principles calculations confirms conclusions of the

qualitative analysis.

The parameters for the electronic and vibrational structure of the isolated molecule were

obtained by first-principles calculations based on the density functional theory (DFT) and

time-dependent DFT (TDDFT) implemented in the Gaussian 16.85 In our analysis we con-

sider the ground, first excited, and second excited electronic states with singlet spin state of

the neutral molecule, first and second excited electronic states with triplet spin state of the

neutral molecule, ground electronic state with doublet spin state of the cation, and ground

and first excited electronic states with doublet spin state of the anion. The optimized geome-

try and the vibrational modes for each electronic state were calculated to obtain the overlap

integral 〈v
(e1)
1 |v

(e2)
2 〉 by the method implemented in the Gaussian 16.86–89 Range-separate

hybrid density functional (LC-wHPBE)90 with system-specific range separation parameter91

was utilized in the simulations. The electronic wave functions were expanded using the

triple-zeta valence basis augmented with diffuse functions (AUG-cc-pVTZ) on all atoms.92

The detailed information on the DFT/TDDFT calculations is given in the Supporting In-

formation, Section 2.

Other necessary parameters were chosen to be representative of a realistic experimental

situation. The image interaction energy for a molecule adsorbed on a dielectric film grown

on a metal substrate has been investigated based on the DFT calculation results and on the

analysis using the dielectric model introduced in Ref. 93. The shift of the fundamental gap

for the adsorbed molecule from its value for a molecule in the gas phase was estimated as

1.62 eV based on Eq. (6) in Ref. 93, with the parameters for H2Pc adsorbed on a trilayer

NaCl film supported by a metal substrate. Taking the dielectric constant of ultrathin NaCl

film as 5.62 (using the value for bulk NaCl as a reference), the effective thickness of the film

as 9.21 Å, and the tip-film distance as 10.07 Å, the value of the parameter characterizing
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potential profile across the junction, α, was obtained to be 0.86. Using the result of the

DFT calculation for 3ML-NaCl/Ag(100) in Ref. 94 as a reference, the work function for

3ML-NaCl/Ag(111) was set to 3.53 eV. The temperature is set as 5 K. The coupling strength

between the molecule and electrode K (tip or sub) is characterized by electron escape rate,

ΓK
(S1S2),(S3S4)

(E) = 2π
∑

k∈K V(S1S2),kVk,(S3S4)δ(E − ǫk), is assumed to be energy independent

(the wide-band approximation) and for all electronic transitions set as 2.5 meV. Further

details regarding the parameter setting are given in Supporting Information, Section 3.

For the sake of simplicity, the Hubbard I approximation46 was employed, and the diagonal

elements of self-energy were used to compute the diagonal elements Gmm of the Hubbard

Green’s functions. The obtained Hubbard Green’s functions were used in Eqs. (7) and (8)

to calculate current IK and photon flux Jph in the junction. In simulation of the latter we

follow Refs. 64,67, where transition from the first excited to the ground singlet spin state of

the neutral molecule was reported as dominant contribution to the observed luminescence.

To verify the proposed theory, the computational results were compared with the exper-

imental data. The experimental measurements were performed using an STM (Omicron)

operated under ultra-high vacuum (5.0 × 10−11 Torr) at a temperature of 4.7 K. A (111)-

terminated Ag single crystal was used as a metallic substrate for growing a trilayer NaCl film.

H2Pcs were deposited onto the NaCl film-covered Ag(111) surface and observed with an Ag

tip. The details regarding the experimental setup are presented in Supporting Information,

Section 4.

The experimental and computational results for the dI/dV spectra are shown in Fig-

ure 2(b). The experimental results exhibit two peaks, one for negative bias voltage near

−2.30 V and the other for positive bias voltage near +0.55 V. This indicates that the trans-

port gap of this system is 2.85 eV. The computational results for the dI/dV spectra exhibit

peaks for both positive and negative bias voltage. The peak appears near −2.30 V, which

corresponds to the many-body state transition between ground electronic state of the cation

and the neutral molecule [top panel of Figure 2(c)]. The low intensity peak appears near
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Figure 2: (a) Molecular structure of metal-free phthalocyanine (H2Pc). Pink, brown, and
blue spheres represent hydrogen, carbon, and nitrogen atoms, respectively. (b) Differential
conductance dI/dV spectra. Red and blue lines represent experimental and computational
results, respectively. Experimental data were obtained by constant-current dI/dV measure-
ment using a bias voltage V = 2.4 V and a tunneling current I = 3 pA as a set point.
(c) Numerical calculation results of dI/dV spectra for the ranges −2.6 V < V < −2.2 V
(top panel) and 0.6 V < V < 1.0 V (bottom panel). (d) Luminescence spectra obtained by
STM-LE measurement (red line) and numerical calculation result of Jph (blue line). The
measurement conditions were V = −2.5 V, I = 30 pA, and exposure time t = 60 s.

−2.34 V and −2.50 V, corresponding to the many-body state transitions accompanied by

vibrational excitations. For the positive bias voltage, as shown in the bottom panel of Fig-

ure 2(c), peaks appear near 0.645 and 0.655 V. The peak near 0.645 V is attributed to the

many-body state transition between the ground electronic state of the anion and the neutral

molecule. The peak near 0.655 V is attributed to the many-body state transition between

the ground electronic state of the neutral molecule and the first excited electronic state of

the anion. The low intensity peaks in the range V > 0.68 V correspond to the many-body

state transitions associated with vibrational excitations.

The width of the calculated conductance peaks is considerably narrower than that of ex-

perimentally measured peaks. It is noteworthy that even though the coupling of the electron
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with the molecular vibrational quantum (vibron) was taken into account, the coupling of the

electron with the substrate phonon was not considered in this study. Repp et al. reported

that broad line shapes observed for a single, localized electronic state induced by Cl vacancies

in ultrathin NaCl film supported by a metal substrate were caused by strong electron-phonon

coupling.95 The dependence of peak width in the dI/dV spectra for a molecule on various

types of insulating films, such as NaCl, RbI, and Xe films, was considered in Refs. 96,97.

Qualitative analysis of the effects of electron–phonon coupling on the spectral profile is given

in the Supporting Information, Section 5. Hence, the quantitative analysis of the electron–

phonon coupling and the inclusion of this coupling in the theoretical method developed in

this study are expected to reproduce the peak width in the dI/dV spectra. However, as the

transport gap was well reproduced in the present calculation and the experimental system is

too complicated to rigorously conduct a quantitative analysis of electron–phonon coupling,

the analysis presented here proceeds without considering the details regarding the effects of

electron–phonon coupling.

Measured and calculated luminescence spectra are shown in Figure 2(d). The experi-

mental results show a high-intensity peak near 1.81 eV and several low-intensity peaks in

the energy range lower than 1.81 eV. The optical gap of this system is estimated as 1.81 eV,

and the low-intensity peaks are attributed to the radiative decay of the molecular exciton

accompanied by vibrational excitations. The computational results show a high-intensity

peak at 2.08 eV. As the TDDFT with Tamm–Dancoff approximation, which was used in this

study, overestimates the singlet excitation energy, the calculated optical gap of the molecule

is wider than the measured optical gap by approximately 0.27 eV, whereas vibrational side

peaks observed in the experiment are well reproduced in the computational results.

Discussion. Based on the results, the excitation mechanism for the molecule in the

STM-LE process is proposed as follows. For the bias voltage −2.30 V< V < 0 V, the

molecular electronic state is in the ground electronic state with singlet spin state of the

neutral molecule |N,S0〉. For V = −2.30 V, an electron cannot hop from the metal substrate
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(a)

| N, S1 >

| N, S0 > | N-1, D0 >

(b)

| N, S0 >

(c) (d)
photon

Figure 3: Schematics of the excitation mechanism for a single molecule in the STM-induced
light emission process. Molecular electronic states are indicated as |Nm, Sm〉, where Nm

and Sm denote the number of electrons in the molecule and the electronic state of the
molecule, respectively. Excitation mechanism considered in the paper consists of set of
electron transfer transitions as follows: (a) ground state of neutral molecule |N,S0〉 to (b)
the ground electronic state with doublet spin state of the cation |N − 1, D0〉 to (c) the first
excited electronic state with singlet spin state of the neutral molecule |N,S1〉 and (d) back
to the ground state of neutral molecule |N,S0〉 with emission of photon. Horizontal lines
represent ionized potential (IP) and electron affinity (EA) for each electronic state. Black
and white dots denote electron and hole, respectively.

to the neural molecule due to the Coulomb blockade; however, an electron transfer from the

neutral molecule to the STM tip can occur [Figure 3(a)]. When the ground electronic state

with doublet spin state of the cation |N − 1, D0〉 is realized, an electron can hop from the

metal substrate to the molecule [Figure 3(b)]. This realizes the ground or excited electronic

state of the neutral molecule, with the latter implying the formation of an electron–hole pair

(exciton) in the molecule [Figure 3(c)]. Upon the radiative decay of a molecular exciton

accompanying the many-body state transition from the first excited electronic state with

singlet spin state of the neutral molecule |N,S1〉 to |N,S0〉, the energy is emitted to the

radiation field [Figure 3(d)]. The proposed mechanism is verified by comparison with the

experiments as follows.

Figure 4 shows the computational and experimental results for the dependence of lumi-
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Figure 4: Computational and experimental results for the dependence of molecule lumi-
nescence on the bias voltage. (a) Computational results for the integrated luminescence
intensity J total

ph =
∫

dωJph(ω) as a function of the applied bias voltage V . (b) Computational
results for the luminescence spectra Jph at the various bias voltages. Red, dark-pink, yellow,
green, dark-green, blue, and dark-blue lines are Jph at V = −2.6, −2.5, −2.4, −2.3, −2.2,
−2.1, and −2.0 V, respectively. (c) Experimental results for the dependence of luminescence
intensity (red dashed line) and tunnel current (blue solid line) on the sample bias voltage.
The tip-sample distance was fixed during the measurements (constant height mode). The
data was obtained by changing the bias voltage by 10 meV, and a charge-coupled-device
(CCD) photon detector was exposed for 1 s to acquire the luminescence spectra at each
bias voltage. Luminescence intensities were calculated by adding up the photons detected
in the wavelength range 680 nm to 700 nm (in the energy range 1.771 eV to 1.823 eV).
(d) Experimental result for the bias voltage dependence of the luminescence spectra. The
data was acquired in the constant height mode shown in (c). Red, dark-pink, yellow, green,
dark-green, blue, and dark-blue lines correspond to the results at V = −2.6, −2.5, −2.4,
−2.3, −2.2, −2.1, and −2.0 V, respectively.

nescence intensity on the bias voltage. In Figure 4(a), the computational results demon-

strate that as the bias voltage V decreases, the integrated luminescence intensity J total
ph =

∫

dωJph(ω) significantly increases near V = −2.30 V and gradually increases for V <

−2.30 V. The voltage at which the steps appear in the J total
ph − V curve corresponds to

the peak position in the dI/dV spectra [upper panel of Figure 2(c)], indicating that the

extraction of an electron from the molecule triggers the electronic excitation of the molecule.

The gradual increase in J total
ph for V < −2.3 V is attributed to the increase in the vibrational

states that are involved in the electron transfer between the molecule and the metals. That is,

as V decreases, many-body state transitions accompanied by the vibrational excitations con-
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tribute to the electron transfer between the molecule and the metals, leading to the increase

in the tunneling current I and luminescence intensity J total
ph . In Figures 4(c) and (d), the ex-

perimental results exhibit a significant increase in luminescence intensity near V = −2.30 V.

The results indicate that the electron transfer between the molecule and the metals signif-

icantly contribute to the electronic excitation that leads to the molecular luminescence for

V ≤ −2.30 V. It is noteworthy that relatively weak luminescence was previously observed

even for −2.30 V < V < −1.81 V .62,64,65 Doppagne et al. suggested that the molecule could

be excited by an energy transfer from electrons tunneling between the tip and the metal

substrate.62 Energy transfer from tunneling electrons62,65 and/or from interface plasmons

localized near the tip-sample gap region24–26,41,42,66 to the molecule would lead to electronic

excitation of the molecule even for the bias voltage −2.30 V < V < −1.81 V. However,

as the luminescence intensity for −2.30 V < V < −1.81 V is significantly weaker than for

V ≤ −2.30 V, we assume that another mechanism (electron transfer between the molecule

and the metals) may be an additional important contribution for V ≤ −2.30 V. We reiterate

that electron transfer is clearly not the only possible mechanism, and molecular excitation

is possible also by energy transfer as was proposed in Ref. 65. This latter mechanism was

not considered in our treatment. At the same time, it is probably safe to state that for any

excitation mechanism the intra-molecular Coulomb interaction is a key factor in explaining

the experimentally observed difference between the transport and optical gaps.

In conclusion, a nonequilibrium atomic limit formulation of current-driven single molecule

electroluminescence was presented. This framework allows the description of a nonequilib-

rium open system consisting of a single molecule positioned between two metal electrodes

in terms of many-body states of the isolated molecule, as well as the exact handling of the

intra-molecular Coulomb interaction. The effect of exciton binding energy on conductance

and luminescence spectra of the system was discussed by comparison with the experimen-

tal results for STM-LE from a single phthalocyanine molecule. Even though the difference

between the transport and the optical gap observed in the experiment has been attributed
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to the potential profile across the junction,63 it was demonstrated that the intra-molecular

Coulomb interaction plays a decisive role in reproducing the experimental results as well

as in explaining this difference. Furthermore, the developed methodology was applied to a

realistic experimental situation, where a metal-free phthalocyanine molecule was adsorbed

on a NaCl film-covered Ag(111) surface. Based on the results, the mechanism for the elec-

tronic excitation of a single molecule in current-driven electroluminescence was proposed

in terms of molecular many-body states. The results provide a fundamental understanding

of current-driven electroluminescence processes and would aid in obtaining the true nature

of electron/exciton dynamics underlying the optoelectronic conversion in a single molecule.

They also provide a potential guideline to design single-molecule optoelectronic devices form

the viewpoint of the energy level alignment of molecular electronic states with the metallic

Fermi level, which is crucial for improving the efficiency of molecular electroluminescence.

Thus, the findings in this study are expected to be of importance in the analysis of electron

dynamics in single-molecule junctions driven out of equilibrium, in interpreting the results of

single-molecule optical spectroscopy, and in designing single-molecule optoelectronic devices.
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