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Here, theoretical analysis for the single molecule electroluminescence within the molecular many-body 

states description is provided. The supplementary information is organized as follows. In Section A, we 

introduce model of single molecule junction by defining its Hamiltonian, which accounts for the dynamics 

of electrons, molecular vibrations, and plasmon. Subsequently, in Section A, we also discuss the 

calculation technique of tunnelling current and luminescence spectra. Parameters for the first-principles 

calculations are given in section B. Discussion of computational results and their comparison with 

experimental data are given in Section C.  

 

A. Electron transport and electroluminescence of a single molecule junction utilizing basis of 

molecular many-body state 

Theoretical analysis for electroluminescence from an isolated PTCDA molecule adsorbed on 

NaCl(3ML)/Ag(111) is conducted utilizing the basis of the many-body states of the isolated molecule. 

Since the molecular electronic structure is partially decoupled from the electronic state of metal substrate 

by the ultrathin insulating film, the intramolecular reorganization upon charging/discharging is expected 

to be significant and therefore the molecular many-body states are convenient bases for analysing the 

system properties44–52. In the previous studies46,53, the standard Lindblad/Redfield quantum master 

equation technique was utilized. This technique is applicable in region of unphysically high temperatures 

– for the method to be applicable thermal energy should be bigger than the strength of system-bath 

coupling. In addition, this technique cannot treat the effects of line broadening due to the system-bath 

coupling and fails to take proper account of system resonances. In order to overcome these limitations, 

here we apply the Hubbard non-equilibrium Green’s function (NEGF) method, which is recently 

introduced by us30. We simulate single molecule junction transport and electroluminescence. The utilized 

technique accounts for all the intra-system interactions exactly while system-bath coupling is treated 

within proper diagrammatic perturbation series expansion, and thus it is not restricted to regime of 

unphysically high thermal energy30. 
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Here, we consider electroluminescence from the junction, where a molecule (M) is placed between two 

electrodes (L and R), which represent the STM tip and substrate. The molecule exchanges electrons and 

energy with the electrodes. Energy exchange is modelled as the coupling between molecular exciton and 

interface plasmon localized near the gap between the STM tip and the sample. Both the molecule and 

plasmons are treated quantum mechanically. Born-Oppenheimer (vibronic) states of the isolated molecule 

|𝑆⟩ = |𝑁, 𝑎⟩|𝑣𝑛
𝑁,𝑎⟩ are chosen as a basis in the molecular subspace, where N represents the number of 

excess electrons with respect to the neutral PTCDA molecule, a indicates a particular state in the charging 

block. For example, | + 1,𝐷0⟩ indicates the ground electronic state with doublet spin state for the anion (-

1 charged state) and |0, 𝑇1⟩ indicates the first excited electronic state with triplet spin state of the neutral 

molecule. |𝑣𝑛
𝑁,𝑎⟩ denotes the vibrational state for the electronic state |𝑁, 𝑎⟩. Electrons in the electrodes, 

plasmon, and photons in the radiation field are described within the standard second quantization. 

Hamiltonian of the junction is 

𝐻̂ = 𝐻̂𝑀 + 𝐻̂𝑃 + 𝑉̂𝑀𝑃 + ∑ (𝐻̂𝐵 + 𝑉̂𝐵)

𝐵=𝐿,𝑅,rad

.                                                                       (1) 

Here 𝐻̂𝑀 is the molecular Hamiltonian 

𝐻̂𝑀 = ∑ 𝐸𝑆𝑋̂𝑆𝑆

𝑆∈𝑀

                                                                                                                         (2) 

𝐻̂𝑃 models plasmonic excitations 

𝐻̂𝑃 = ℏ𝜔𝑝𝑎̂
†𝑎̂                                                                                                                             (3) 

and 𝑉̂𝑀𝑃  describes the exciton-plasmon coupling 

𝑉̂𝑀𝑃 = ∑ (Δ(𝑆1𝑆2)𝑋̂𝑆1𝑆2

† 𝑎̂ + H. c. )

𝑆1 ,𝑆2∈𝑀

.                                                                                  (4) 
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The electrodes (L and R) are modelled as reservoirs of free electrons 

𝐻̂𝐾 = ∑ 𝜀𝑘𝜎𝑐𝑘̂𝜎
† 𝑐̂𝑘𝜎

𝑘∈𝐾
𝜎

                                                                                                                 (5) 

and 𝐻̂rad introduces the radiation field 

𝐻̂rad = ∑ℏ𝜔𝑣 𝑏̂𝜈
†𝑏̂𝜈

𝜈

                                                                                                                 (6) 

𝑉̂𝐾  (K = L, R) describes the electron transfer between the molecule and electrode K 

𝑉̂𝐾 = ∑ (𝑉(𝑆1𝑆2)𝑘𝜎𝑋̂𝑆1𝑆2

† 𝑐𝑘̂𝜎 + H. c. )
𝑘∈𝐾
𝜎

𝑆1 ,𝑆2∈𝑀

                                                                              (7) 

𝑉̂rad describes the coupling of plasmons to the radiation field 

𝑉̂rad = ∑(𝑊𝜈𝑎̂
†𝑏̂𝜈 + H. c. )

𝜈

.                                                                                                  (8) 

In eqs. (1)-(8), 𝑋̂𝑆1𝑆2
= |𝑆1⟩⟨𝑆2| denotes the Hubbard (projection) operator which describes transition 

between molecular many-body states. 𝑐𝑘̂𝜎
†

 (𝑐𝑘̂𝜎)  is creation (annihilation) operator for electron with spin 

𝜎 in state k of the contacts. 𝑎̂† (𝑎̂) and 𝑏̂𝜈
†
 (𝑏̂𝜈) create (annihilate) interface plasmon and photon in mode 𝜈 

of the radiation field, respectively. 𝑉(𝑆1𝑆2)𝑘𝜎 is the electron transfer (ET) matrix element from the electrode 

into the molecule, resulting in a transition between electronic states |𝑁, 𝑎⟩ → |𝑁 + 1, 𝑎′⟩, and the transition 

is dressed with the vibrational overlap integral ⟨𝑣𝑛′
𝑁+1,𝑎′|𝑣𝑛

𝑁,𝑎⟩. 

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

radiation field are calculated using the Meir-Wingreen formula54,55. Explicit expressions at steady state 

are 
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𝐼𝐾 = ∫
𝑑𝜀

2𝜋ℏ
𝐼𝐾(𝜀)

∞

−∞

≡ ∫
𝑑𝜀

2𝜋

𝑒

ℏ
TrET[𝜎𝐾

<(𝜀)ℊ>(𝜀) − 𝜎𝐾
>(𝜀)ℊ<(𝜀)]

∞

−∞

                           (9) 

𝐽ph = ∫
𝑑𝜀

2𝜋ℏ
𝐽ph(𝜀)

∞

−∞

≡ ∫
𝑑𝜀

2𝜋

1

ℏ
∑|𝑊𝜈|

2[𝑓𝜈
<(𝜀)𝑃>(𝜀) − 𝑓𝜈

>(𝜀)𝑃<(𝜀)]

𝜈

∞

−∞

.             (10) 

Here TrET[⋯ ] indicates trace over all electron transfer transition in M. 𝜎𝐾
< and 𝜎𝐾

> are respectively lesser 

and greater projections of the electron self-energy owing to coupling to the electrode K 

[𝜎𝐾(𝜏, 𝜏′)](𝑆1𝑆2)(𝑆3𝑆4) ≡ ∑ 𝑉(𝑆1𝑆2)𝑘𝑔𝑘𝜎(𝜏, 𝜏′)𝑉𝑘(𝑆3𝑆4)

𝑘∈𝐾
𝜎

.                                                   (11) 

Here 𝑔𝑘𝜎(𝜏, 𝜏′) = −
𝑖

ℏ
〈𝑇𝐶 𝑐̂𝑘𝜎(𝜏)𝑐𝑘̂𝜎

† (𝜏′)〉  and 𝑓𝜈(𝜏, 𝜏′) = −
𝑖

ℏ
〈𝑇𝐶𝑏̂𝜈(𝜏)𝑏̂𝜈

†(𝜏′)〉  are respectively Green’s 

functions for free electron in state k with spin 𝜎 of the electrode K and free photon in mode 𝜈 of the 

radiation field. 𝜏 and 𝜏′ are the Keldysh contour variables, and 𝑇𝐶 is the contour ordering operator. ℊ< 

(ℊ>) in eq. (9) and 𝑃< (𝑃>) in eq. (10) are the lesser (greater) projections of the molecular nonequilibrium 

Hubbard Green’s function and plasmon nonequilibrium Green’s function, respectively. ℊ  and 𝑃  are 

defined as 

ℊ(𝑆1𝑆2)(𝑆3𝑆4)(𝜏, 𝜏′) ≡ −
𝑖

ℏ
〈𝑇𝐶𝑋̂𝑆1𝑆2

(𝜏)𝑋̂𝑆3𝑆4

† (𝜏′)〉                                                                (12) 

𝑃(𝜏, 𝜏′) ≡ −
𝑖

ℏ
〈𝑇𝐶𝑎̂(𝜏)𝑎̂†(𝜏′)〉.                                                                                             (13) 

Assuming timescale separation between dynamics of electron and vibrational molecular degrees of 

freedom, we introduce decoupling inherent in the Born-Oppenheimer approximation56
. 

ℊ(𝑆1𝑆2)(𝑆3𝑆4)(𝜏, 𝜏′) ≈ 𝐺(𝑁1𝑎1𝑁2𝑎2)(𝑁3𝑎3𝑁4𝑎4)(𝜏, 𝜏
′)𝐾

(𝑣1
𝑁1𝑎1𝑣2

𝑁2𝑎2)(𝑣3
𝑁3𝑎3𝑣4

𝑁4𝑎4)
(𝜏, 𝜏′),   (14) 

where 
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𝐺(𝑁1𝑎1𝑁2𝑎2)(𝑁3𝑎3𝑁4𝑎4)(𝜏, 𝜏′) ≡ −
𝑖

ℏ
〈𝑇𝐶𝑋̂𝑁1𝑎1𝑁2𝑎2

(𝜏)𝑋̂𝑁3𝑎3𝑁4𝑎4

† (𝜏′)〉                            (15) 

𝐾
(𝑣1

𝑁1𝑎1𝑣2
𝑁2𝑎2)(𝑣3

𝑁3𝑎3𝑣4
𝑁4𝑎4)

(𝜏, 𝜏′) ≡ 〈𝑇𝐶𝑋̂𝑣1
𝑁1𝑎1𝑣2

𝑁2𝑎2(𝜏)𝑋̂
𝑣3

𝑁3𝑎3𝑣4
𝑁4𝑎4

† (𝜏′)〉.                  (16) 

Dressing K with vibrational overlap integrals yields generalized Frank-Condon factor 

𝐹𝐶
(𝑣1

𝑁1𝑎1𝑣2
𝑁2𝑎2)(𝑣3

𝑁3𝑎3𝑣4
𝑁4𝑎4)

(𝜏, 𝜏′)                                                                              

≡ ⟨𝑣1
𝑁1𝑎1|𝑣2

𝑁2𝑎2⟩𝐾
(𝑣1

𝑁1𝑎1𝑣2
𝑁2𝑎2)(𝑣3

𝑁3𝑎3𝑣4
𝑁4𝑎4)

(𝜏, 𝜏′)⟨𝑣4
𝑁4𝑎4|𝑣3

𝑁3𝑎3⟩.               (17) 

Below we disregard effect of electron dynamics on the Frank-Condon factors FC and assume thermal 

vibrational distribution. This simplifies Eq. (12) by reducing consideration to diagonal molecular transfers 

only (i.e. 𝑁1 = 𝑁3 , 𝑁2 = 𝑁4 , 𝑎1 = 𝑎3 , 𝑎2 = 𝑎4 , 𝑣1
𝑁1𝑎1 = 𝑣3

𝑁3𝑎3 , 𝑣2
𝑁2𝑎2 = 𝑣4

𝑁4𝑎4 ). Evaluation of the 

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

functions30. Plasmon Green function is evaluated within the standard second order diagrammatic 

perturbation theory57. 

For the problem at hand, main contribution to the signal comes from single electron transfer events. 

Thus, for simplicity we restrict our consideration to first Hubbard approximation. Following diagrammatic 

rules formulated in the previous report30, one gets explicit expressions for the Hubbard self-energy, which 

consists from contributions of self-energies due to coupling to electrode K (K = L, R) and interface plasmon, 

in the form 

Σ𝑚1𝑚2
𝐾 (𝜏1, 𝜏2) = ∑ 𝐹𝑚1𝑚[𝜎𝐾(𝜏1, 𝜏2)]𝑚𝑚2

𝑚∈ET

                                                                   (20) 
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Σ𝑚1𝑚2
𝑃𝑙 (𝜏1, 𝜏2)

= ∑ 𝑖ℏ[𝜎𝑃𝑙(𝜏1, 𝜏2)]𝑏1𝑏2

𝑏1𝑏2∈OT

𝑁𝛼⃗⃗ (𝑚1)−𝛼⃗⃗ (𝑏1)𝑠𝛼⃗⃗ (𝑚1)−𝛼⃗⃗ (𝑏1)𝑔𝑙1𝑙2
(𝜏1, 𝜏2)𝑁𝛼⃗⃗ (𝑚2)−𝛼⃗⃗ (𝑏2)𝑠𝛼⃗⃗ (𝑙2)+𝛼⃗⃗ (𝑏2)

+ ∑ 𝑖ℏ[𝜎𝑃𝑙(𝜏2, 𝜏1)]𝑏2𝑏1

𝑏1𝑏2∈OT

𝑁𝛼⃗⃗ (𝑚1)+𝛼⃗⃗ (𝑏1)𝑠𝛼⃗⃗ (𝑚1)+𝛼⃗⃗ (𝑏1)𝑔𝑙′1𝑙′2
(𝜏1, 𝜏2)𝑁𝛼⃗⃗ (𝑚2)+𝛼⃗⃗ (𝑏2)𝑠𝛼⃗⃗ (𝑙′2)−𝛼⃗⃗ (𝑏2).         (21) 

Here m represents electron transition |𝑁1, 𝑎1⟩ → |𝑁2, 𝑎2⟩ caused by the electron transfer from the electrode 

to the molecule. 𝐹𝑚1𝑚2
(𝜏) is spectral weight defined as  𝐹𝑚1𝑚2

(𝜏) ≡ 〈{𝑋̂𝑚1
(𝜏); 𝑋̂𝑚2

† (𝜏)}〉. 

𝑁𝛼⃗⃗ (𝑚)−𝛼⃗⃗ (𝑏)𝑠𝛼⃗⃗ (𝑚)−𝛼⃗⃗ (𝑏)𝑋̂𝑙 ≡ [𝑋̂𝑚; 𝑋̂𝑏
†]                                                                                  (22) 

𝑁𝛼⃗⃗ (𝑚)+𝛼⃗⃗ (𝑏)𝑠𝛼⃗⃗ (𝑚)+𝛼⃗⃗ (𝑏)𝑋̂𝑙′ ≡ [𝑋̂𝑚; 𝑋̂𝑏],                                                                                (23) 

where 𝑁𝛼⃗⃗  is equal to 1 when the root vector58 𝛼  exists, and 0 otherwise. 𝑠𝛼⃗⃗ (𝑚)−𝛼⃗⃗ (𝑏) and 𝑠𝛼⃗⃗ (𝑚)+𝛼⃗⃗ (𝑏) is the 

sign (±1) resulting from the commutator [𝑋̂𝑚; 𝑋̂𝑏
†]  and [𝑋̂𝑚; 𝑋̂𝑏], respectively. l and l’ are defined as 

𝛼 (𝑙) = 𝛼 (𝑚) − 𝛼 (𝑏) and 𝛼 (𝑙′) = 𝛼 (𝑚) + 𝛼 (𝑏). 𝜎𝑃𝑙  is electron self-energy owing to exciton-plasmon 

coupling 

[𝜎𝑝𝑙(𝜏, 𝜏′)](𝑆1𝑆2)(𝑆3𝑆4)
≡ ∑Δ(𝑆1𝑆2)𝑃(𝜏, 𝜏′)Δ(𝑆3𝑆4)

∗

𝐾

.                                                         (24) 

Here P is plasmon nonequilibrium Green’s function defined in Eq. (13). P is calculated from the Dyson 

equation 

𝑃(𝜏, 𝜏′)

= 𝑃(0)(𝜏, 𝜏′) + ∑ ∬𝑑𝜏1𝑑𝜏2

𝑆1 ,𝑆2 ,𝑆3 ,𝑆4∈𝑀

𝑃(0)(𝜏, 𝜏1)Δ(𝑆1𝑆2)
∗ ℊ(𝑆1𝑆2)(𝑆3𝑆4)(𝜏1, 𝜏2)Δ(𝑆3𝑆4)𝑃(𝜏2, 𝜏′).               (25) 

Here, 𝑃(0) is plasmon Green’s function in the absence of plasmon-molecular exciton coupling (Δ = 0). 

Note that the plasmon dissipation owing to the coupling to the radiation field and the plasmon excitation 
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due to the inelastic tunnelling of the STM system are included in 𝑃(0) as shown below in Eq. (26)-(28). 

Fourier transform of the retarded, lesser, and greater projections of the plasmon Green’s function are 

𝑃(0)𝑟(𝜀) = [𝜀 − ℏ𝜔𝑝 + 𝑖
𝛾pl

2
]
−1

                                                                                            (26) 

𝑃(0)<(𝜔𝜀) = 2𝑖𝑁𝑝𝑙(𝜀)ℑ𝑃(0)𝑟(𝜀)                                                                                         (27) 

𝑃(0)<(𝜀) = 2𝑖[𝑁𝑝𝑙(𝜀) + 1]ℑ𝑃(0)𝑟(𝜀)                                                                                 (28) 

where 𝛾pl = 2𝜋 ∑ |𝑊𝜈|
2𝛿(𝜀 − ℏ𝜔𝑣)𝜈  is the dissipation rate of plasmon for Δ = 0  and 𝑁𝑝𝑙(𝜀)  is the 

occupation probability. At steady-state, 𝑁𝑝𝑙(𝜀) for plasmon excited by inelastic tunnelling between the 

STM tip and the substrate is given by59 

𝑁𝑝𝑙(𝜀) = {
𝑇𝑝𝑙 (1 − |

𝜀

𝑒𝑉
|) , |𝜀| < |𝑒𝑉𝑠|

0, otherwise
                                                                       (29) 

where 𝑇𝑝𝑙 is a coefficient related to the current amplitude due to the inelastic tunnelling, e is the elementary 

charge, and Vs is the sample voltage. Because of mutual inter-dependence (see Eq. (21), (24) and (25)), 

molecular nonequilibrium Hubbard Green’s function ℊ and plasmon nonequilibrium Green’s function 𝑃 

are calculated in a self-consistent manner.  

 

B. Parameter setting 

B-1. Energies of many-body states extracted from DFT/TD-DFT calculations 

To make out calculation representative of a realistic junction, the information of the molecular 

electronic and vibrational structure is obtained from first-principles calculations. We use the density 

functional theory (DFT) and time-dependent DFT (TD-DFT) implemented in the software package 

Gaussian 1631. We consider ground electronic states of -1 charged molecule (| + 1,𝐷0⟩) and the neutral 
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molecule (|0, 𝑆0⟩), as well as singlet and triplet first excited state of the neutral molecule (|0, 𝑆1⟩ and 

|0, 𝑇1⟩). The geometry optimization and vibrational analysis are conducted for each electronic state (see 

Method). The simulations yield total energies 𝐸𝑁,𝑎 of electronic many-body states |𝑁, 𝑎⟩ and vibrational 

overlap integrals ⟨𝑣𝑛′
𝑁′ ,𝑎′

|𝑣𝑛
𝑁,𝑎⟩. Results of simulations are presented in Table S1 and Fig. S1. 

 

Table S1 | Total energy 𝑬𝐭𝐨𝐭𝐚𝐥 (summation of the electronic and zero-point vibrational energies) for 

each electronic state 

Electronic state 𝐸total (eV) 

| + 1,𝐷0⟩ -37308.7490 

-37308.7490  

 

|0, 𝑆0⟩ -37305.5714 

|0, 𝑆1⟩ -37303.0778 

|0, 𝑇1⟩ -37304.3911 
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Figure S1 | Vibrational overlap integral. a-j, Calculation results for electron transition a: |0, 𝑆0⟩ →
|0, 𝑆1⟩, b: |0, 𝑆1⟩ → |0, 𝑆0⟩, c: |0, 𝑆0⟩ → |0, 𝑇1⟩, d: |0, 𝑇1⟩ → |0, 𝑆0⟩, e: |0, 𝑆0⟩ → | + 1,𝐷0⟩, f: | + 1,𝐷0⟩ →
|0, 𝑆0⟩, g: |0, 𝑆1⟩ → | + 1,𝐷0⟩, h: | + 1,𝐷0⟩ → |0, 𝑆1⟩, i: |0, 𝑇1⟩ → | + 1, 𝐷0⟩, j: | + 1, 𝐷0⟩ → |0, 𝑇1⟩,  
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B-2. Effects of image interaction with the metal substrate on the energy for molecule many-body 

state transitions 

Here we discuss image interaction energy for PTCDA molecule adsorbed on a NaCl ultrathin film 

grown on a metal surface. The energy for electron/hole attachment to the molecule adsorbed on ultrathin 

insulating film grown on the metal substrate is significantly different from the one for the molecule in the 

gas phase, because the molecule is situated near the metal substrate (~ 1 nm)45,60. In the previous report60, 

it was proved that the differences are mainly attributed to the image interaction with the metal substrate. 

Here, the effects of image interaction are evaluated with the aid of the dielectric model proposed in the 

report60. In this model, the insulating film is treated as a homogeneous dielectric material, and the metal 

as a perfect conductor. The charged molecule is treated as a homogeneously charged rectangular sheet 

with a net charge of ±e, where e is the elementally charge. Following the report60, the values for the side 

lengths of rectangular sheet, 𝐷𝑥 = 11.43 Å,𝐷𝑦 = 6.68 Å, are determined from the size of molecular 

structure (here, the optimized geometry of PTCDA molecule for ground electronic state). We employ 

parameters determined from the DFT calculations for NaCl(3ML) film adsorbed on the metal substrate as 

was given in the report60. Resulting shift for the electron/hole attachment energies is estimated as 0.862 

eV. In the following discussion, effects of the image interaction on the electron/hole attachment energies 

are included in the evaluation of the transition energies. 
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B-3. Parameters for electrostatic-potential drops in NaCl film and the tip-sample vacuum region, 

plasmon resonance, and electron escape rates 

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

follows, based on previous studies. The drop of electrostatic potential in both NaCl film and the vacuum 

region between the STM tip and the sample is evaluated taking the dielectric constant of NaCl film as 

5.6247,61, the effective thickness of the NaCl film as 921 pm60, the vacuum region as 1.0 nm, and the work 

function of NaCl(3ML)/Ag(111) as 3.57 eV39. Following the previous report53, the dissipation rate for the 

plasmon is set as 𝛾pl = 210 meV. As used in the previous reports17,18, the value of coefficient 𝑇𝑝𝑙 related 

to the current amplitude owing to the inelastic tunnelling is set as 𝑇𝑝𝑙 = 10−4. The coupling of plasmon 

to the molecular exciton related to the 𝑆0 − 𝑆1 transition is set as Δ(0,𝑆0;0,𝑆1) = 20 meV62 and that of the 

𝑆0 − 𝑇1  transition is set as Δ(0,𝑆0;0,𝑇1) = 10  meV, considering the rate of singlet-triplet transition of 

103 s−1 in the literature62 and enhancement of electric field by plasmon resonance of ~104-6.  

Based on the previous reports28,60, the electron escape rate to the metal substrate  𝛾𝑅 =

2𝜋 ∑ |𝑉𝜂𝑘|
2
𝛿(𝜀 − 𝜀𝑘)𝑘∈𝑅  is set as 𝛾𝑅 =  0.400 meV. The electron escape rate to the STM tip 𝛾𝐿 =

2𝜋 ∑ |𝑉𝜂𝑘|
2
𝛿(𝜀 − 𝜀𝑘)𝑘∈𝐿  is set as 𝛾𝐿 =0.001 meV. These values yield tunnelling current in the sub-nano 

amperes region, which agree with the experiment. It is noteworthy that the measured dIt/dVs spectra 

display broad peaks with width of ~300 meV (Fig. 1c, 3d), on the other hand the measured luminescence 

spectral show sharp peak (Fig. 2e). Considering the experimental situation where the molecular electronic 

structure is decoupled from metal electronic states by the ultrathin insulating film, the electron escape rate 

is very low28,59. According to the previous reports28,63–66, the broad peak widths observed in dIt/dVs spectra 

are attributed to the coupling between electron and substrate phonon. In particular, it was reported that 

strong electron-phonon coupling causes broad line profiles observed for a localized electronic state caused 

by chlorine vacancies in ultrathin NaCl film grown on a metal substrate28. Moreover, the variation of the 

peak width in the dIt/dVs spectra was observed for a molecule on various types of insulating films, such as 
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NaCl, RbI, and Xe films64,65. Therefore, it is expected that the electron–phonon coupling makes the 

dominant contribution to the peak width observed in the dIt/dVs spectra. However, the electron-phonon 

coupling does not affect significantly the onset voltages in the dIt/dVs spectrum and the threshold voltages 

for S1 and T1 formation. Because the threshold voltage for exciton formation is main interest here and for 

the sake of simplicity, the analysis proceeds without taking the electron-phonon coupling into account. 
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C. Simulation results of single molecule luminescence spectra 

The theoretical method based on Hubbard NEGF technique was applied to simulate the STL spectrum. 

A calculated STL spectrum at Vs = -3.6 V is shown in Fig. S2. A broad peak and several sharp peaks 

appear in the spectrum. The broad peak at 2.5 eV is attributed to the radiative decay of the plasmon. 

According to the theoretical analysis on the many-body states transition, the peak at 1.18 eV is attributed 

to the |0, 𝑇1⟩ → |0, 𝑆0⟩ transition (phosphorescence), and the low-intensity peaks in the energy range of 

1.00 – 1.18 eV are attributed to the |0, 𝑇1⟩ → |0, 𝑆0⟩ transitions associated with the vibrational transitions. 

Similarly, the peaks at 2.49 eV is attributed to the |0, 𝑆1⟩ → |0, 𝑆0⟩ transition (fluorescence), and the low-

intensity peaks in the energy range of 2.30– 2.49 eV are the vibrational satellites. The results are in good 

agreement with the experimental results shown in Fig. 2 of the main text. 

 

 

 

Figure S2 | A simulation result for STL spectrum of PTCDA/NaCl/Ag(111). The sample voltage (Vs) 

is set as -3.6 V and the energy of plasmon mode ℏ𝜔𝑝  is set as 2.5 eV.  
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Next, we simulated the plasmon enhancement effect on the phosphorescence and fluorescence. The 

STL spectra at Vs = -3.6 V are calculated with changing the energy of the plasmon mode ℏ𝜔𝑝 from 1.5 eV 

to 2.9 eV, and the (Fig. S3). As changing ℏ𝜔𝑝 , the intensity ratio between the fluorescence (2.49 eV) and 

phosphorescence (1.18 eV) changes, which reproduces the experimental result shown in Extended Data 

Fig. 5. 

 

 

Figure S3 | Simulation results for the dependence of STL spectra on the energy of the plasmon 

mode. The energy of the plasmon mode ℏ𝜔𝑝  is changed from 1.5 eV to 2.9 eV by 0.2 eV. The sample 

voltage is set as Vs = -3.6 V in the all calculations. 
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For revealing the exciton formation mechanism, we calculated the sample voltage dependence of 

luminescence spectra. Figure S4a and S4b show a series of phosphorescence and fluorescence spectra 

calculated at different sample voltages. The energy of plasmon mode ℏ𝜔𝑝  is set as 2.5 eV in the 

simulations here. As the sample voltage is decreased, the phosphorescence appears at Vs = -2.0 V, and the 

fluorescence appears at Vs = -3.5 V, which are well reproducing the sample voltage dependence in Fig. 3a 

and 3b. The photon intensities of phosphorescence and fluorescence are plotted as a function of the sample 

voltage in Fig. S4c, which clearly shows that the threshold voltage for phosphorescence (𝑉𝑡ℎ
𝑝

) and 

fluorescence (𝑉𝑡ℎ
𝑓
) are -1.92 V and -3.46 V in the simulation. The width of peak at 2.49 eV in Fig. S4b is 

wider than that of at 1.18 eV in Fig. S4a. The difference between the peak widths in the simulation can be 

explained by the following two factors. Fist, the exciton-plasmon coupling Δ(0,𝑆0;0,𝑆1) is stronger than 

Δ(0,𝑆0;0,𝑇1) . Second, the energy of plasmon mode ℏ𝜔𝑝  is close to the energy of the |0, 𝑆1⟩ → |0, 𝑆0⟩ 

transition. The |0, 𝑆1⟩ → |0, 𝑆0⟩ transition is promoted owing to the coupling with the plasmon, leading to 

the shorted lifetime of the |0, 𝑆1⟩ state and the wider peak in the luminescence spectra in this simulation. 

Figure S4d shows the calculated dIt/dVs spectrum. According to the calculation results for the 

probability of each many-body states at various sample voltages, the sharp peak at Vs = -0.55 eV is 

originated from the many-body transition of | + 1,𝐷0⟩ → |0, 𝑆0⟩, -1.92 V is the transition of | + 1, 𝐷0⟩ →

|0, 𝑇1⟩ , and -3.46 V is the transition of | + 1,𝐷0⟩ → |0, 𝑆1⟩ . The calculated spectrum successfully 

reproduces the peak positions observed in the experimental dIt/dVs spectrum (Fig. 3d). The low intensity 

peaks around the strong peaks are the many-body state transition associated with vibrational excitations. 

The gradual increase in the dIt/dVs spectrum is observed at Vs < -1.5 V in the experimental results (Fig. 3d 

and 4b), which is caused by the tunnelling from Ag(111) substrate. The gradual increase is not reproduced 

in the theoretical calculation, because the electrodes (tip and substrate) are modelled within the wide band 

approximation which misses realistic structure of its spectral function (Section A). 
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Comparing to Fig. S4c and S4d, the threshold voltages for 𝑉𝑡ℎ
𝑝

 and  𝑉𝑡ℎ
𝑓
 are corresponding to the position 

of the peaks in dIt/dVs spectrum. The results indicate that the extraction of the electron from the molecule 

triggers the formation of exciton in the molecule, which strongly support our interpretation of the selective 

T1 formation mechanism. 

 

Figure S4 | Simulation results for the sample voltage dependence of STL spectra, luminescence 

intensity and the dIt/dVs spectrum. a-b, Series of luminescence spectra ( ℏ𝜔𝑝 = 2.5 eV ). a: 

Phosphorescence (Vs = -1.5 – -2.5 V). b: Fluorescence (Vs = -3.0 – -4.0 V). c. Sample voltage dependence 

of luminescence intensities at the energy of fluorescence (2.49 eV) and phosphorescence (1.18 eV) for 

ℏ𝜔𝑝  = 2.5 eV. The STL spectra are calculated at Vs = -0.1 V – -4.0 V. STL spectra were calculated by Vs 

= 0.001 V in the regions of -4.0 < Vs < -3.4 V, -2.5 < Vs < -1.8 V, and -1.1 < Vs < -0.5 V. Other regions 

were calculated by Vs = 0.1 V. d: a simulation result for dIt/dVs spectrum  
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