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1 Background theory 

1.1 Standing-wave states in an STM junction 

 
Fig. S1 Standing-wave states in an STM junction with a bias voltage of 7.775 V and a gap 

distance of 2.40 nm. Simulation parameter: Rtp=3.2 nm.  

(a) potential energy (earth) across the STM junction and the corresponding standing-wave 

states (blue). Insert: transmission coefficient (S) relative to that in the tunneling region 

approximated by the Wentzel–Kramers–Brillouin (WKB) method. (b) squared magnitudes of 

wave functions, |ψ|2, of the 1st to 4th standing-wave states. The arrows mark the boundary of 

the tunnel and the classically allowed regions (Ez=U), and the dashed line marks the starting 

point of the lattice potential at Ag(111) surface. The magnitudes of wave functions are 

normalized to the magnitudes at the right ends. 

 
Fig. S1 shows the potential energy across an STM junction consisting of an Ag tip and 

Ag(111) sample. The slope results from the bias voltage applied to the STM junction. The five 

peaks in the Ag(111) part simulate the lattice potential (details in next section). Considering an 

electron wave function propagating from left to right, it first tunnels through the barrier. When 

it reaches the Ag(111) surface, a fraction is reflected due to the potential change from the 

vacuum to the Ag lattice. the reflected wave then interferences with the incoming wave, 

forming standing waves (Fig. S1b) and states (blue bars in Fig. S1a) marked by numbers 1–5. 

Insert of Fig. S1a shows total transmission coefficient divided by the transmission coefficient 

in the tunnel region approximated by Wentzel–Kramers–Brillouin (WKB) approximation, 

which roughly equals the transmission coefficient in the classically-allowed region, where the 

electron energy is above the potential energy. Fig. S1b shows that there are m maxima in 

squared magnitudes of wave functions for the m-th states.  
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1.2 Model potential 

The model potential, U(z), used in our simulation is: 

𝑈୲ୱሺ𝑉,𝑑, 𝑧ሻ =
⎩⎪⎪
⎨⎪
⎪⎧ 𝑈୲,   𝑧 ≤ 0𝐸ி,୲ + Φ୲ − 𝑒𝑉 (𝑉,𝑑, 𝑧) + 𝑈୧୫୥(𝑑, 𝑧),   0 < 𝑧 < 𝑑𝑈ୱ଴ − 𝑈ୱଵ − 𝑒𝑉,   𝑑 ≤ 𝑧 < 𝑑 + 𝑑୥୰f୵୧୬ ቀ𝑧 − ൫𝑑 + 𝑑୥୰൯ቁ ቈ𝑈ୱ଴ + 𝑈ୱଵ sinቆ2𝜋ൣ𝑧 − ൫𝑑 + 𝑑୥୰൯൧𝑑ଵଵଵ − 𝜋2ቇ + 𝑈ୱଵ቉+𝑈ୱ଴ − 𝑈ୱଵ − 𝑒𝑉, 𝑑 + 𝑑୥୰ ≤ 𝑧 < 𝑑 + 𝑑୥୰ + 5𝑑ଵଵଵ𝑈ୱ଴ − 𝑈ୱଵ − 𝑒𝑉,   𝑧 ≥ 𝑑 + 𝑑୥୰ + 5𝑑ଵଵଵ

. (S1) 

It has three parts: tip, vacuum, and Ag(111). In Ag tip region (z<0), EF,t is Fermi energy level 

in the tip. Φs is work function of Ag(111), which is 4.53 eV.1 Φt is work function of tip. Ut is 

the inner potential of the tip. We apply free-electron-gas model to tip electrons, so 𝑈୲ = 𝐸୊,୲ −5.49 eV, where 5.49 eV is Fermi energy of Ag. In vacuum gap region (0<z<d), Ve(V,d,z) is the 

electric potential at point z caused by the applied bias voltage, and Uimg(d,z) is the image 

potential caused by the image charges resulting from the presence of the electron in the vacuum 

gap as a point charge. The potential energy in eqn (S1) is for electron transfer from the tip (z=0) 

to the sample (z=d), and the tip potential is fixed. For the electron transfer from the sample to 

the tip, we just switch the tip and the sample, and the potential becomes 𝑈ୱ୲(𝑉,𝑑, 𝑧) =𝑈୲ୱ(𝑉,𝑑,𝑑 − 𝑧) + 𝑒𝑉, with sample at z=0, tip at z=d, and sample potential fixed. We acquire 

both Ve and Uimg between a spherical protrusion on tip and Ag(111) surface using the image 

charge method: 2 𝑉௘(𝑉,𝑑, 𝑧) = 𝑉 − 14𝜋𝜀଴෍ቆ 𝑞ଵ௜ห𝑧ᇱ − 𝑧ଵ௜ᇱ ห + 𝑞ଶ௜ห𝑧ᇱ − 𝑧ଶ௜ᇱ หቇஶ
௜ୀ଴ , (S2) 

where z' is transformed coordinate, z'=zms−z, with zms the position of mirror plane of the 

Ag(111). 𝑧୫ୱ ≈ 𝑑 + 0.35 Å. By doing so, the Ag(111) mirror plane is at the origin of the z' 

coordinate system. qsi and z'si are the charge and coordinate of the s-th series i-th image charge 

resulting from applying V to the tip and the sample grounded (reversed from the experimental ൜ 𝑧ଵ଴ᇱ = 𝑅 + 𝑑୫𝑞ଵ଴ = 4𝜋𝜀଴𝑉𝑅 ൜𝑧ଶ଴ᇱ = −(𝑅 + 𝑑୫)𝑞ଶ଴ = −4𝜋𝜀଴𝑉𝑅  

൜𝑧ଶ௜ᇱ = −𝑧ଵ௜ᇱ𝑞ଶ௜ = −𝑞ଵ௜ , (𝑖 ≥ 1) ⎩⎪⎨
⎪⎧ 𝑧ଵ௜ᇱ = 𝑅 + 𝑑௠ − 𝑅ଶ𝑑ଶ(௜ିଵ)େ𝑞ଵ௜ = − 𝑅𝑑ଶ(௜ିଵ)େ 𝑞ଶ(௜ିଵ)𝑑ଶ(௜ିଵ)େ = ห𝑧ଶ(௜ିଵ)ᇱ − (𝑅 + 𝑑୫)ห

, (𝑖 ≥ 1) 

(S3) 

(S4) 
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setup, therefore causing an additional transformation by subtracting the result from V): 

where R is the tip protrusion radius, ε0 is the vacuum permittivity. dm is the distance between 

the mirror surfaces of tip protrusion and Ag(111). It is slightly wider than the gap distance d, 

which is defined by the width at the base of the barrier. We find dm≈d+0.7 Å. d2(i−1)C is the 

distance between the image charge with subscript 2(i−1) and the spherical center of the tip 

protrusion. 

 
Fig. S2 Image charges induced by electric potential of V applied to a sphere (a) and by an 

electron (labeled q30) between a surface and a sphere (b). 

 
Uimg is: 

𝑈୧୫୥(𝑑, 𝑧) = − 𝑒ି8𝜋𝜀଴ ൝ 𝑞ସ଴|𝑧ᇱ − 𝑧ସ଴ᇱ | + ෍෍ 𝑞௦௜ห𝑧ᇱ − 𝑧௦௜ᇱ หସ
௦ୀଵ

ஶ
௜ୀଵ ൡ , (S5) 

where e− is the electron charge. There is a 1/2 factor in the expression of Uimg,3 the reason of 

which can be shown by the image potential on a single planar surface.4 Imaging a planar surface 

at z'=0, the image force is 𝐹୧୫୥ = − 14πε଴ 𝑒ଶ(2𝑧ᇱ)ଶ (S6) 

for an electron at z'. The image potential is therefore 𝑈୧୫୥ = −න 𝐹୧୫୥𝑑𝑧ᇱ௭ᇲ
ஶ = − 18πε଴ 𝑒ଶ2𝑧ᇱ . (S7) 

Notice the 1/2 factor in the Uimg. Since z'−z'40 equals 2z', there is a 1/2 factor in the first term 

of expression of Uimg. For the spherical surface, the 1/2 factor in the Uimg is less obvious because 

the Fimg becomes more complex, but we have validated the 1/2 factor through numerical 

integration. In all, there is 1/2 factor in all the terms of Uimg, validating the 1/2 factor in eqn 

(S5). qsi and z'si are given by 

 
൜ 𝑧ଷ଴ᇱ = 𝑧′𝑞ଷ଴ = 𝑒ି ൜ 𝑧ସ଴ᇱ = −𝑧′𝑞ସ଴ = −𝑒ି (S8) 
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We introduce oscillating potentials according to the nearly free electron model5 in the Ag 

crystal region of U(z) in eqn (S1) to simulate the reflection of electron wave function at the 

Ag(111) surface. Us0 is averaged potential in Ag crystal, and Us1 is amplitude of oscillation 

before a window function fwin is applied. d111 is the distance between Ag(111) planes. dgr is the 

width of the groove formed between the edges of potential barrier and lattice potential.  

For the purpose of calculating transmission coefficient, we need to terminate the lattice 

potential and recover constant potential beyond some crystal planes in Ag crystal. For time cost 

considerations, we terminate the lattice potential beyond 5 Ag(111) planes. An abrupt 

termination results in artificial peaks in the transmission coefficient and DCS (Details in section 

1.4). Therefore, fwin is applied to the lattice potential to avoid those peaks. fwin is Hann type: 

f୵୧୬(𝑧) = ൝ 0, 𝑧 < −w/2 or 𝑧 > w/2 12 ൤1 + cos ൬2𝜋𝑧w ൰൨ , −w/2 ≤ 𝑧 ≤ w/2 , (S11) 

where w is the base width of the window.  

1.3 Calculation of the transmission coefficient S  

To calculate the transmission coefficient S, the stationary Schrödinger equation is solved 

in one dimension for wave function ψ(z): ቈ− ℏଶ2𝑚 𝜕ଶ𝜕𝑧ଶ + 𝑈(𝑧)቉ 𝜓(𝑧) = 𝐸௭𝜓(𝑧), (S12) 

With the model potential described in section 1.2, we numerically solved the Schrödinger 

equation eqn (S12) using the fifth-order Runge-Kutta method provided by the IntegrateODE 

function in Igor Pro 9.05 to obtain the wave function ψ(z). Since the potential energy is constant 

in both source and receiver, the wave functions are composed of plane waves. ψ(z) is the 

superposition of an incident wave and a reflected wave in the electron source and a transmitted 

wave in the electron receiver. So: 𝜓(𝑧) = ቊ𝐴୧୬𝑒௜௞౥௭ + 𝐴ୖ𝑒ି௜௞౥௭, 𝑧 < 𝑧ଵ𝐴୘𝑒௜௞౨௭, 𝑧 > 𝑧ଶ (S13) 

⎩⎪⎨
⎪⎧ 𝑧ଵ௜ᇱ = (𝑅 + 𝑑୫) − 𝑅ଶ𝑑ଷ(௜ିଵ)େ𝑞ଵ௜ = − 𝑅𝑑ଷ(௜ିଵ)େ 𝑞ଷ(௜ିଵ)𝑑ଷ(௜ିଵ)େ = ห𝑅 + 𝑑୫ − 𝑧ଷ(௜ିଵ)ᇱ ห , (𝑖 ≥ 1) 

൜𝑧ଷ௜ᇱ = −𝑧ଵ௜ᇱ𝑞ଷ௜ = −𝑞ଵ௜ , (𝑖 ≥ 1) 

⎩⎪⎨
⎪⎧ 𝑧ଶ௜ᇱ = (𝑅 + 𝑑୫) − 𝑅ଶ𝑑ସ(௜ିଵ)େ𝑞ଶ௜ = − 𝑅𝑑ସ(௜ିଵ)େ 𝑞ସ(௜ିଵ)𝑑ସ(௜ିଵ)େ = ห𝑅 + 𝑑୫ − 𝑧ସ(௜ିଵ)ᇱ ห , (𝑖 ≥ 1) 

൜𝑧ସ௜ᇱ = −𝑧ଶ௜ᇱ𝑞ସ௜ = −𝑞ଶ௜ , (𝑖 ≥ 1) (S10) 

(S9) 
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where Ain, AR and AT are the complex amplitude of the incident, reflected and transmitted wave, 

respectively. ko and kr are wave vectors of the electron in z direction in the source and receiver, 

respectively: 

⎩⎪⎨
⎪⎧𝑘୭ = ඥ2𝑚(𝐸௭ − 𝑈୭)ℏ𝑘୰ = ඥ2𝑚(𝐸௭ − 𝑈୰)ℏ , (S14) 

where Uo and Ur are inner potential in the source and receiver, respectively. Since the wave 

function is a simple plane wave in the receiver, we start from the receiver and propagate the 

wave function towards the source. We set the boundaries at 𝑧୭ = −5 Å and 𝑧୰ = 𝑑୫ + 5 Å. 

Therefore, the boundary condition is: ቊ 𝜓(𝑧୰) = 𝑒௜௞౨௭౨𝜓ᇱ(𝑧୰) = 𝑖𝑘୰𝑒௜௞౨௭౨ , (S15) 

with AT=1. Then, the ψ(z) at 𝑧୭ ≤ 𝑧 < 𝑧୰ is solved numerically from zr to zo. Once the wave 

function is obtained, we acquire 𝜓(𝑧୭)  and 𝜓ᇱ(𝑧୭) , which are written as ψo and ψ'o, 

respectively, for short. The transmission coefficient is calculated as following: Since U(z)−Ez 

in eqn S12 is a negative constant in the source, both the real and imaginary part of the ψ(z) can 

also be expressed as: 𝜓(𝑧) = 𝑎ଵ cos(𝑘୭𝑧 + 𝜑ଵ) + 𝑖𝑎ଶ sin(𝑘୭𝑧 + 𝜑ଶ) , (𝑧 < 0) (S16) 

so ൜ 𝜓(𝑧୭) = 𝑎ଵ cos(𝑘୭𝑧୭ + 𝜑ଵ) + 𝑖𝑎ଶ sin(𝑘୭𝑧୭ + 𝜑ଶ)𝜓ᇱ(𝑧୭) = −𝑎ଵ𝑘୭ sin(𝑘୭𝑧୭ + 𝜑ଵ) + 𝑖𝑎ଶ𝑘୭ cos(𝑘୭𝑧୭ + 𝜑ଶ) . (S17) 

Therefore, 

Connecting eqn S13 and eqn S16, we obtain Ain and AR: 

൞ 𝐴୧୬ = 12 ൫𝑎ଵ𝑒௜ఝభ + 𝑎ଶ𝑒௜ఝమ൯𝐴ୖ = 12 ൫𝑎ଵ𝑒ି௜ఝభ − 𝑎ଶ𝑒ି௜ఝమ൯ (S19) 

The transmission coefficient is the ratio between the probability fluxes of the transmitted and 

the incident waves: 𝑆 = 𝑣୰𝑣୭ |𝐴୘|ଶ|𝐴୧୬|ଶ = 𝑘୰𝑘୭ |𝐴୘|ଶ|𝐴୧୬|ଶ = 𝑘୰𝑘୭ 1|𝐴୧୬|ଶ , (S20) 

⎩⎪⎨
⎪⎧𝜑ଶ = arctanቆ𝑘୭Im(𝜓୭)Im(𝜓୭ᇱ ) ቇ − 𝑘୭𝑧୭𝑎ଶ = Im(𝜓୭)sin(𝑘௢𝑧௢ + 𝜑ଶ)  ⎩⎪⎨

⎪⎧𝜑ଵ = arctan(− Re(𝜓୭ᇱ )𝑘୭Re(𝜓୭)) − 𝑘୭𝑧୭𝑎ଵ = Re(𝜓୭)cos(𝑘୭𝑧୭ + 𝜑ଵ)  (S18) 
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where vo(r) is the velocity of the wave in the electron source (receiver). 𝑣୭(୰) = ℏ𝑘୭(୰) 𝑚⁄ . 

To visualize the enhanced transmission coefficient through the FER states, the 

transmission coefficient is viewed as 𝑆 = 𝑆େ୊ୖ𝑆େ୅ୖ, (S21) 

where SCFR and SCAR stand for the transmission coefficient of the classically forbidden (U(z)<Ez, 

shaded region below the potential energy curve in Fig. S1a and Fig. 2d) and allowed (U(z)≥Ez, 

the region above the potential energy curve) region, respectively. Therefore, 𝑆େ୅ୖ = 𝑆/𝑆େ୊ୖ ≈𝑆/𝑆୛୏୆ , where SWKB is the transmission coefficient of the classically forbidden region 

approximated by the Wentzel–Kramers–Brillouin (WKB) method: 𝑆୛୏୆ = expቆ−2√2𝑚ℏ න ඥ𝑈(𝑧) − 𝐸௭𝑑𝑧௭మ௭భ ቇ , (S22) 

where z1 and z2 are the positions where Ez and U(z) intersect. The inset of Fig. S1a and Fig. 2d 

plots S/SWKB. Peaks appear in S/SWKB when Ez matches the energy of FER states. Therefore, 

when bias voltage matches the energy of FER states, peaks appear in DCS, forming the FER 

peaks. 

1.4 Determining lattice potential parameters 

In nearly free electron mode, lattice potential is approximated by a sin wave. Fig. S3a 

shows a sin wave with 10 periods. There is abrupt cutoff at both ends. Since we are only 

interested in the transmission coefficient through the potential at z>0, Fig. S3b shows that by 

taking the square root of the transmission coefficient through the full space. A band gap opens 

up at −0.5 to 3.9 eV, resembling the bulk L-gap for Ag(111) faces.6 However, there are 

undesired peaks in the transmission coefficient at E>4 eV due to the interference between the 

incoming electron wave and the reflected electron wave at the boundary where the lattice 

potential is cut off. If we apply such lattice potentials, FER peaks at V<6 V are overwhelmed 

by those artifact peaks (red arrows) in the simulated DCS (Fig. S3c). Therefore, a smooth 

window function is applied to the lattice potential, leading to the potential in Fig. S3d. Notice 

that the part at z>0 is used in the model potential. Fig. S3e plots the transmission coefficient 

for the z>0 part, showing no undesired peaks at E>4 eV. Fig. S3f shows the simulated DCS 

with all FER peaks visible. 
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Fig. S3 The effect of window functions on the transmission coefficient.  

(a, d) The lattice potential multiplying a rectangular (a) and a Hann window (d). (b, e) 

Transmission coefficients for half space (z>0) in (a, c), respectively. All energies are relative to 

the Fermi level. (c, f) Simulated DCS of the STM junction without laser excitation for the 

experimental data Fig. 2a using lattice potential at z>0 shown in (a) and (d), respectively. 

 
The parameters of the potential, Us0 and Us1, are determined to be −4.26 eV relative to the 

Fermi level and 4.2 eV so that the bulk L gap for Ag(111) faces is reproduced at the right 

position from −0.4 to 3.9 eV (Fig. S3e, edge 1 and 2).7 

We add here that the successful fit to the FER peaks without laser excitation in Fig. 2a 

cannot be achieved without the application of oscillating potentials in Ag(111) region. Fig. S4 

shows simulated DCS applying constant inner potential, 𝑈ୱ = 𝐸୊,ୱ − 5.49 eV, where 5.49 eV 

is Fermi energy of Ag, in Ag(111) region (free electron gas model). The match between 

simulated and experimental FER peaks cannot be achieved whatever Rtp is. 
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Fig. S4 Simulation of FER peaks with constant inner potential in Ag(111) region. (without laser 

excitation) 

(a) Potential energy (earth) across the STM junction and the corresponding standing-wave 

states (blue) at V=5.1 V, d=1.48 nm, and Rtp=2.4 nm. (b) Simulated FER peaks with different 

Rtp compared with experimental ones. 

1.5 Current formula8 

 
Fig. S5 Decomposition of electron momentum p in metal. 

 
Without laser illumination, the current is 𝐼(𝑉,𝑑) = 𝐼ା(𝑉,𝑑) − 𝐼ି(𝑉,𝑑), (S23) 

where + and − denote electron transfer from the tip to the Ag(111) sample and vice versa. “t” 

and “s” denote the tip and the sample, respectively. Both I+ and I− are calculated in momentum 

space from a free electron gas:9 𝐼ା(ି)(𝑉,𝑑) = 2𝑒𝐴ூ(𝑑)ℎଷ න න න 𝑝௭,௢𝑚 𝑓୭(𝐸)𝑆(𝑉,𝑑,𝐸௭)𝑑𝑝௫ାஶ
ିஶ 𝑑𝑝௬ାஶ

ିஶ 𝑑𝑝௭,୭ାஶ
଴ , (S24) 

where e is the elementary charge, AI is the lateral area of the current and is a function of d, h is 

the Planck constant, and m is the electron mass. px and py are the electron momentum in the x 
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and y direction. Because we use a 1D potential that only varies in the z-direction, px and py are 

invariant across the junction. pz,o is the z-direction momentum in the electron source, which 

refers to the tip for I+ and the sample for I−. E and Ez are the total energy eigenvalue and the 

energy eigenvalue in z-direction, respectively. 𝑓୭(𝐸)  is the electron energy distribution 

functions in the source. S is the energy-dependent transmission coefficient.  

Then we show step by step how to transform eqn S24 to the energy space by substituting 

px, py, and pz with E, φ, and Ez. We first decompose electron momentum in the source (po) in 

Cartesian coordinate system (Fig. S5): 

⎩⎨
⎧𝑝௫ = ට𝑝୭ଶ − 𝑝௭,୭ଶ cos𝜑𝑝௬ = ට𝑝୭ଶ − 𝑝௭,୭ଶ sin𝜑 , (S25) 

where "o" denotes the electron source. Inside the source electrode, there is: 

⎩⎨
⎧ 𝐸 = 𝑝୭ଶ2𝑚 + 𝑈୭𝐸௭ = 𝑝௭,୭ଶ2𝑚 + 𝑈୭ , (S26) 

so 

൞𝑝௫ = ඥ2𝑚(𝐸 − 𝐸௭) cos𝜑𝑝௬ = ඥ2𝑚(𝐸 − 𝐸௭) sin𝜑𝑝௭,୭ = ඥ2𝑚(𝐸௭ − 𝑈୭) , (S27) 

where 𝑈୭ is the potential energy in the electron source. The relationship between the volume 

element in the momentum space and that in the energy space is, therefore: 

𝑑𝑝௫𝑑𝑝௬𝑑𝑝௭,୭ = ቤ𝜕൫𝑝௫,𝑝௬,𝑝௭,୭൯𝜕(𝐸,𝜑,𝐸௭) ቤ = 𝑚ඨ 𝑚2(𝐸௭ − 𝑈୭)𝑑𝐸𝑑𝜑𝑑𝐸௭, (S28) 

where ቚడ(௣ೣ,௣೤,௣೥,౥)డ(ா,ఝ,ா೥) ቚ is the Jacobian determinant. So, eqn S24 becomes 

𝐼ା(ି)(𝑉,𝑑) = 2𝑚𝑒𝐴ூℎଷ න න න 𝑓୭(𝐸)𝑆(𝑉,𝑑,𝐸௭)𝑑𝐸ାஶ
ா೥ 𝑑𝜑ଶ஠

଴ 𝑑𝐸௭ାஶ
௎౥ (S29) 

Integrating for φ: 𝐼ା(ି)(𝑉,𝑑) = 4𝜋𝑚𝑒𝐴ூℎଷ න න 𝑓୭(𝐸)𝑆(𝑉,𝑑,𝐸௭)𝑑𝐸ାஶ
ா೥ 𝑑𝐸௭ାஶ

௎౥ (S30) 

This result is essentially the same as the STM current formula deduced by Simmons.10 

Changing the order of integration: 
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𝐼ା(ି)(𝑉,𝑑) = 4𝜋𝑚𝑒𝐴ூℎଷ න න 𝑓୭(𝐸)𝑆(𝑉,𝑑,𝐸௭)ா
௎౥ 𝑑𝐸௭𝑑𝐸ାஶ

௎౥ (S31) 

This equals to: 𝐼ା(ି)(𝑉,𝑑) = 4𝜋𝑚𝑒𝐴ூℎଷ න 𝑓୭(𝐸)න 𝑆(𝑉,𝑑,𝐸௭)ா
௎౥ 𝑑𝐸௭𝑑𝐸ାஶ

௎౥ (S32) 

The above integrals are calculated numerically.  

1.6 Determine current cross-sectional area 

The current cross-sectional area (AI) is  𝐴ூ = 𝜋 ൬𝐷ூ2 ൰ଶ , (S33) 

where DI is the diameter of the current cross section, which is determined roughly by the 10%–

90% rise width in height profiles acquired on atomic steps Fig. S6. The dependency between 

DI and d can be acquired through STM images at different V. The d value corresponding to 

each voltage can be acquired from the tip-displacement–V curve using a starting d value of 

~0.7 nm.  

 
Fig. S6 STM height profiles acquired at the atomic steps at different bias voltages without laser 

excitation. 

 
Fig. S7 shows the diameter of the current cross section (DI) for dark, n=1, and n=2 ETC 

current measured in experiments. DI increase with d and also n. In Fig. S7b, the measured DI 

for n=2 ETC current (dashed) exceeds the diameter of the tip protrusion (Dtp) and should be 

interpreted as the diameter on the sample side. On the tip side, the DI should rise towards its 

upper limit, that is Dtp. Dtp =5.2 nm in the case of the simulations in Figs. 5–7. We assume that 

DI for n=1 ETC current also saturates at d≈2.2 nm in Fig. S7a because the DI for n=1 and n=2 
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ETC are corelated in order to fit the outcome to the experiments in Fig. 5 and 6, which contains 

both n=1 and n=2 ETC current. 

 
Fig. S7 Relationship between the diameter of the current cross section (DI) and d for electron 

transfer channels n=0, 1 and 2. 

 

1.7 determining potential groove distance, tip protrusion radius, and tip work function 

Potential groove distance (dgr) and tip protrusion radius (Rtp) are determined by fitting 

simulated DCS to the experimental DCS without laser excitation. The DCS are simulated using 

the Fermi–Dirac distribution: 𝑓୲(ୱ)(𝐸) = ൤exp ൬𝐸 − 𝐸୊,୲(ୱ)𝑘୆𝑇 ൰ + 1൨ିଵ , (S34) 

where “t” and “s” stand for the tip and the Ag(111) sample, respectively, and EF,t(s) stands for 

Fermi energy level in the tip (sample). 𝐸୊,୲ = 𝐸୊,ୱ + 𝑒𝑉.  

Fig. S8 shows effect of Rtp, Φt, and dgr on model potential and the simulated differential 

conductance spectra. In the following comparisons, we fix sample Fermi level. Increasing Rtp 

or Φt rise the slope in the middle part of potential energy [see inserts in Fig. S8(a, b)]. As a 

result, the distances between adjacent FER peaks increase according to Stark effect while the 

position of first FER peak barely changes. Since Rtp or Φt have similar effects on FER peak 

positions, we fix Φt and tune Rtp. We fix Φt at 4.48 eV in all simulations. This value is arbitrary 

as long as it is slightly smaller than Φs=4.53 eV, because work function of Ag(111) is the highest 

among all surface orientations.1 Increasing dgr causes a different effect on FER peaks: that is 

downshift of all FER peaks—a behavior like the energy levels in a potential well—while the 

distances between adjacent FER peaks barely change. Therefore, by tuning Rtp and dgr, the 

positions of third to fifth peaks can be fitted to the experiments in Fig. 2a with Rtp=3.7 nm and 

dgr=60 pm. Since dgr value belongs to a property of Ag(111) surface, it is kept 60 pm in all 

simulations. 
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In literature, distance between a crystal surface, defined as the edge of the oscillating 

potential, and the image plane, dm, and distance between the image plane to the corner of the 

barrier, dc, are often talked about. 𝑑୥୰ = 𝑑୫ + 𝑑ୡ. In our model, there is dc=25 pm and dm=35 

pm. The dm value is larger than that (=15 pm) found for Ag(001) surface,5 possibly explained 

by the finding that dm for Ag(111) is 17 pm larger than that for Ag(001).11 

 

 
Fig. S8 Effect of tip protrusion radius (Rtp), and tip work function (Φt), and potential groove 

distance (dgr) on model potential (inserts) and the simulated differential conductance spectra.  

 
 

1.8 Contribution of backward current 

In eqn (1), current is forward current I+ minus backward current I−. The contribution of I− 

is examined here. Fig. S9(a and b) show that the contribution of I− is negligible at V>2.5 V 

without laser excitation. Fig. S9(c and d) show that the contribution of I− is negligible at V>1.9 

V with laser excitation. At V<2.5 V or 1.9 V, both I+ and I− increase rapidly as bias voltage 

approaches zero, because d continues to decrease in constant current mode.  

From eqn (1), we know 𝜕𝐼𝜕𝑉 = 𝜕𝐼ା𝜕𝑉 − 𝜕𝐼ି𝜕𝑉 . (S35) 
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Since the partial derivations are evaluated under fixed d, in the free electron model, 𝜕𝐼ା 𝜕𝑉⁄  

is always positive and 𝜕𝐼ି 𝜕𝑉⁄  negative, because I+ always increases and I− decreases as bias 

voltage increases. In Fig. S9(b and d), as bias voltage approaches zero, 𝜕𝐼ା 𝜕𝑉⁄  approaches 

zero while 𝜕𝐼ି 𝜕𝑉⁄  becomes negative and diverges. As a result, 𝜕𝐼 𝜕𝑉⁄  bends upwards as 

bias voltage approaches zero. In Fig. S9b, negative 𝜕𝐼ା 𝜕𝑉⁄  at V=0.5 V is due to the bulk L-

gap of Ag. We find that in constant-d mode, I+ decreases as bias voltage increases near V=0 

because the transmission coefficient in Ag crystal decreases as energy increases near the Fermi 

level of Ag crystal (Fig. S3e). 

Under laser excitation, we find in Fig. S9c that the backward current from excited 

electrons in sample, 𝐼ଵି , is negligible in our measurement range, and I− is dominated by 𝐼଴ି . 

This is consistent with the reasoning in Fig. S17, i.e., at small d, tunneling of unexcited 

electrons tends to dominate over tunneling of photoexcited electrons. At V<2 V, d<1 nm. At 

such small d, a hot electron occupation of ~ 3×10−4 (Fig. S11a) is just not enough to compete 

with unexcited electrons in the sample. 

 

 
Fig. S9 Simulated forward and backward current in total current and DCS  

(a, b) for the case in Fig. 2a. (c, d) for the case in Fig. 2b. 
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1.9 FER-state energy shift caused by electrostatic field 

 
Fig. S10 Compare potential and FER-state energies at different tip–sample separations.  

(a) d=2.40 nm (b) d=2.90 nm. Both: V=7.775 V. Rtp=3.2 nm. 

 
Electrostatic field in STM junction has pronounced effect on energies of the second to 

higher-number FER states. Fig. S10 compares potential energy and FER states at two 

electrostatic-field strength caused by varying gap distance. Increasing gap distance leads to 

decrease of electrostatic-field strength, resulting in decrease of energy of FER states. Table S1 

lists the energy downshifts of first to fifth states. The higher the number, the larger the shift. 

This phenomenon is the same as that in a triangular potential well.12 

 

Table S1. energy shift of the m-th state between d=2.40 nm and 2.90 nm. 
m 1 2 3 4 5 
Shift (eV) 0.1 0.28 0.38 0.53 0.65 
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2 Hot-electron transfer theory 

2.1 Current formula8 

Under illumination with optical power P, the current can be expressed in three ETCs of 

n=0,1, and 28 𝐼(𝑉,𝑑,𝑃) = 𝐼଴(𝑉,𝑑) + 𝐼ଵ(𝑉,𝑑,𝑃) + 𝐼ଶ(𝑉,𝑑,𝑃) (S36) 

where 𝐼଴(𝑉,𝑑) = 𝐼଴ା(𝑉,𝑑) − 𝐼଴ି (𝑉,𝑑) (S37) 𝐼௡(𝑉,𝑑,𝑃) = 𝐼௡ା(𝑉,𝑑,𝑃) − 𝐼௡ି (𝑉,𝑑,𝑃), (𝑛 = 1,2) (S38) 𝐼଴ା(ି)(𝑉,𝑑) = 4𝜋𝑚𝑒𝐴ூ଴(𝑑)ℎଷ න 𝑓୲(ୱ)଴(𝐸)න 𝑆(𝑉,𝑑,𝐸௭)ா
௎౪(౩) 𝑑𝐸௭𝑑𝐸ାஶ

௎౪(౩) (S39) 

𝐼௡ା(ି)(𝑉,𝑑,𝑃) = 4𝜋𝑚𝑒𝐴ூ௡(𝑑)ℎଷ න 𝑓୲(ୱ)௡(𝑑,𝐸, P)න 𝑆(𝑉,𝑑,𝐸௭)ா
௎౪(౩) 𝑑𝐸௭𝑑𝐸ାஶ

௎౪(౩) , (𝑛 = 1, 2), (S40) 

where I+ and I− consider the transfer of tip electron to sample and vice versa, respectively. d is 

the tip–sample separation, AIn is cross-sectional area of the current in n-th ETC, Ut(s) is the inner 

potential of the tip (sample), S is the transmission coefficient, E is the total energy, Ez is kinetic 

energy in the z-direction added to the potential energy. ft(s)n is the distribution function of the 

Ag tip (Ag(111) sample) resulting from n-photon absorption:13 𝑓୲(ୱ)଴(𝐸) = ൤exp ൬𝐸 − 𝐸୊,୲(ୱ)𝑘୆𝑇଴ ൰ + 1൨ିଵ , (S41) 𝑓୲(ୱ)ଵ(𝑑,𝐸,𝑃) = 𝑄୲(ୱ)ଵ(𝑑,𝑃)ൣ൫1 − 𝑓଴(𝐸)൯𝑓଴(𝐸 − ℏ𝜔) − ൫1 − 𝑓଴(𝐸 + ℏ𝜔)൯𝑓଴(𝐸)൧, (S42) 𝑓୲(ୱ)ଶ(𝑑,𝐸,𝑃) = 𝑄୲(ୱ)ଶ(𝑑,𝑃)ൣ൫1 − 𝑓଴(𝐸 − ℏ𝜔)൯𝑓଴(𝐸 − 2ℏ𝜔) − ൫1 − 𝑓଴(𝐸)൯𝑓଴(𝐸 − ℏ𝜔)൧. (S43) 

In eqn (S42) and (S43), “t(s)” in f0 is omitted for simplicity. f0 is the Fermi–Dirac distribution 

with T0 an effective temperature representing the low-energy Drude response through Joule 

heating. T0 is set to 78 K and we have confirmed that choice of T0 value between 8 K and 150 

K has negligible effect on simulated current and DCS. kB is Boltzmann constant. EF,t(s) is the 

Fermi energy level in the tip (sample). ft(s)1(E) simply forms a positive plateau at 𝐸୊,୲(ୱ) ≤ 𝐸 ≤𝐸୊,୲(ୱ) + ℏ𝜔  with occupation Qt(s)1 resulting from one-photon absorption and a negative 

plateau at 0 ≤ 𝐸 ≤ 𝐸୊,୲(ୱ) with value −Q1,t(s) representing the holes left after the electron is 

excited. Qt(s)1 is: 𝑄୲(ୱ)ଵ(𝑑,𝑃) = 4𝐸୊𝜏௘௘𝛼ୟୠୱ,୲(ୱ)(𝑑)3𝜋𝑟୤ଶ𝑛௘ℏଶ𝜔ଶ 𝑃, (S44) 

where EF is the Fermi energy of Ag, EF=5.49 eV, τee is the electron–electron relaxation time, 
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τee≈350 fs,14, αabs,t and αabs,s are coefficients measuring light absorption in the tip protrusion and 

the local sample region relevant to STM junction, respectively. αabs,t(s) is a function of d. αabs,t(d) 

affects the positions of the plasmon assisted FER peaks by affecting d under given I, V and P. 

Therefore, αabs,t(d) is tuned to match the simulated positions of the plasmon assisted FER peaks 

with the experimental ones. αabs,t(d) for each simulation is provided in Fig. S11. The rf is the 

radius of the focal spot, ne is the electron density of Ag, ℏ is the reduced Planck constant, ω is 

the angular frequency of laser. Details about derivation of eqn S44 are in next section. 

Similarly, f2(E) forms a positive plateau at 𝐸୊ + ℏ𝜔 ≤ 𝐸 ≤ 𝐸୊ + 2ℏ𝜔 with occupation 

Q2 resulting from electron absorbing two photons and a negative plateau at 𝐸୊ ≤ 𝐸 ≤ 𝐸୊ +ℏ𝜔 representing the holes left after the electron was excited by the second photon. We assume 𝑄ଶ = 𝑄ଵଶ.15 I2 is included only in simulations for experiments where n=2 ETC occurs. 

2.2 Hot-electron occupation Qn 

The hot-electron occupation Q1 is estimated from the number of photons absorbed:16 𝑄ଵ = 𝑛୮୦𝑛ୱ୲ୟ , (S45) 

where “t” and “s” denote the Ag tip and the Ag(111) sample, respectively (the same as below), 

nph is the number of photons absorbed per unit volume and nsta is the number of states per unit 

volume, 𝑛ୱ୲ୟ = 𝜌ℏ𝜔, (S46) 

where ρ is density of states (DOS), and ℏω is the energy of a photon. For Ag excited by 532- 

or 633-nm laser, the transition is intra sp band. As ρ is relatively flat within the sp band, it is 

approximated by the DOS at the Fermi energy: 𝜌 ≈ 32𝑛௘𝐸୊ , (S47) 

where ne is the electron density of Ag, ne≈5.86×1028 m−3, and EF is the Fermi energy of Ag, 

EF=5.49 eV. 𝑛୮୦ = 𝐷ഥୟୠୱ𝜏௘௘ℏ𝜔 (S48) 

where τee is the electron–electron relaxation time, τee≈350 fs,14 and 𝐷ഥୟୠୱ is the power absorbed 

per unit volume averaged in region of interest, 

⎩⎪⎨
⎪⎧𝐷ഥୟୠୱ,୲ = 1𝑉୲୮ම 𝐷ୟୠୱ(𝒓)𝑑𝑟ଷ௏౪౦𝐷ഥୟୠୱ,ୱ = 1𝑉ୱම 𝐷ୟୠୱ(𝒓)𝑑𝑟ଷ௏౩

, (S49) 
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where Dabs(r) is the power absorbed per unit volume at point r, Vs and Vtp is the volume of the 

region relevant to the hot electron transfer in the sample and the tip protrusion, respectively 

(see next section). In linear absorption, 𝐷ഥୟୠୱ ∝ 𝐼୪ୟୱୣ୰, where Iin is the incident light intensity, 

laser intensity at the focus, so we define 𝛼ୟୠୱ ≡ 𝐷ഥୟୠୱ𝐼୧୬ , (S50) 

which is independent of the laser intensity. To help understand the αabs we defined, imaging a 

special case where one-dimensional light propagates through a material, one can prove 𝐷ഥୟୠୱ𝐼୧୬ = 1 − 𝑒ିఈ௅𝐿 , (S51) 

where L is the length light travels, and α is absorption coefficient. When αL<<1, αabs ≈α. Since 

the Dabs(r) is not uniform in our case, and 𝐷ഥୟୠୱ is defined in a small region of interest, αabs 

measures local absorption and should not be regarded as absorption coefficient, which is a 

measure of material property. 

Up to now, we have 𝑄ଵ = 2𝐸୊𝜏௘௘𝛼ୟୠୱ3𝑛௘ℏଶ𝜔ଶ 𝐼୧୬. (S52) 

In our experiment, Iin equals laser intensity at the focus, so 𝐼୧୬ = 2𝑃𝜋𝑟୤ଶ , (S53) 

where P is laser power, and rf is the radius of the focal spot (waist of a Gaussian beam). rf 

roughly equals to 3λ, where λ is laser wavelength, in our setup. αabs is the absorption cross 

section per unit volume. In all, the Q1 is 𝑄ଵ = 4𝐸୊𝜏௘௘𝛼ୟୠୱ3𝜋𝑟୤ଶ𝑛௘ℏଶ𝜔ଶ 𝑃. (S54) 

Specifically, 𝑄ଵ,୲(ୱ)(𝑑,𝑃) = 4𝐸୊𝜏௘௘𝛼ୟୠୱ,୲(ୱ)(𝑑)3𝜋𝑟୤ଶ𝑛௘ℏଶ𝜔ଶ 𝑃, (S55) 

where “t” and “s” denote the Ag tip and the Ag(111) sample, respectively. Both Q1,t(s) and αabs,t(s) 

are functions of d. 

2.3 comparison of the coefficient αabs used in simulation and evaluated by COMSOL 

In our simulations, αt,abs(d) is a free parameter and is tuned to match the simulated 

positions of the plasmon assisted FER peaks to the experimental ones, because αt,abs affects Qt1, 

Qt1 affects d under constant current (equivalent to Qt1 affecting current under constant d), and 
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d affects positions of standing-wave states, so are the FER peak positions. αs,abs(d) has 

negligible effect on DCS because the current is dominated by I+. Therefore, αs,abs(d) is 

determined by ఈ౪,౗ౘ౩ఈ౩,౗ౘ౩ = ఈ౪,౗ౘ౩ిో౉౏ోైఈ౩,౗ౘ౩ిో౉౏ోై, where 𝛼୲(ୱ),ୟୠୱେ୓୑ୗ୓୐ is α acquired by COMSOL (see below). Fig. 

S11 show the αabs(d) used by the main figures. 

 
Fig. S11 coefficient αabs as a function of d used in our simulations and predicted by COMSOL 

simulations. 

Electron occupations resulting from one-photon absorption are shown in the right axes. The 

occupations are under the condition that the junction is excited by a laser power of 10 mW. 

Sources and parameters: (a) used by Fig. 2b, Fig. 3c and Fig. 4c; COMSOL: Ltp=7.5 nm and 

Rtp=3.7 nm; Excitation wavelength: 633 nm. (b) Fig. 5 and 6; Ltp=5.5 nm and Rtp=2.6 nm; 633 

nm. (c) Fig. 3d; Ltp=4 nm and Rtp=4.3 nm; 532 nm. (d) Fig. 4d; Ltp=3.2 nm and Rtp=2.6 nm; 

532 nm. 

 
Next, we try to rationalize the αabs we used via COMSOL simulations. Combining eqn 

S49 and S50, αabs is expressed as 𝛼ୟୠୱ,୲(ୱ) = 1𝐼୧୬𝑉୲୮(ୱ) ම 𝐷ୟୠୱ(𝒓)𝑑𝑟ଷ௏౪౦(౩) . (S56) 

The coefficients αabs,t and αabs,s are acquired from a three-dimensional model of STM junction 

depicted in the inset of Fig. 2a using COMSOL. The tip shaft has a half-opening angle of 6° 

and is truncated at a position 300 nm above the apex. The Ag(111) sample is modeled as a 
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silver layer of 100 nm thickness. The simulation is done in the electromagnetic waves, 

frequency domain (ewfd) interface in the wave-optic module with scattered field formulation. 

The background wave is a plane wave with angle and polarization indicated in Fig. S12a. 𝐼୧୬ =ଵଶ 𝑐𝜀଴𝐹୧୬ଶ , where c is speed of light, ε0 is vacuum permittivity, Fin is the amplitude of the electric 

field of the incident light. Dabs(r) equals to the COMSOL built-in variable ewfd.Qh. The 

integral volume Vtp and Vs are arbitrarily defined following the rules: the upper boundary of Vtp 

is an arc protruding upward by 0.5 nm, and the Vs is a hemisphere with radius equal to Rtp (Fig. 
S12b). Changing the rule defining the upper boundary of Vtp results in slight change in αabs,t, 

which ends up with a different Ltp (see next section), without changing the underlying physics. 

Changing the rule defining the radius of Vs only slightly changes the curve at V=0.5 V – 1 V, 

because the I− is negligible at higher voltages. The complex refractive index of Ag is taken 

from the data measured by Johnson and Christy.17 

 
Fig. S12 COMSOL model  

(a) Model used in COMSOL simulation with the perfectly matched layers (PMLs) mark by 

light green. (b) integration volumes Vtp and Vs (light red) for calculating αabs,t and αabs,s. 

 
The simulated αabs from COMSOL are plotted in Fig. S11 in comparison to the αabs used 

in our simulations. In far-field case, the absorption coefficient for Ag is 0.085 nm−1 at the 

wavelength of 633 nm and 0.081 nm−1 at the wavelength of 532 nm. The 2–3 orders of 

magnitude enhancement in αabs shown in Fig. S11 is due to the plasmonic near-field 

enhancement.  

In most cases, αabs used in our simulation is well supported by COMSOL simulations 

using certain tip-protrusion length (Ltp), which is a free parameter. There are discrepancies at 

d>2 nm in Fig. S11d between the simulated αabs from COMSOL and in our simulation. This is 

probably due to more complex tip shapes that our STM-junction model did not capture. 
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3 Analysis of shifts between FER and plasmon-assisted FER peaks 

Table S2 summarizes the shift of the m-th peak between Fig. 2(a and b) in main text, 

defined as Δ𝑉௠ = 𝑉௠ − 𝑉௠ᇱ , where Vm and Vm' are the positions of the mth peak with laser off 

and on, respectively. For the first peak, ΔV1 ≈ 1.9 V, whose value is in agreement with the value 

of the photon energy (ℏω = 1.96 eV). As m increases, the shift increases substantially, reaching 

~2.5 V for the fifth peak. 

 

Table S2. peak shift (ΔVm) in volt of the m-th peak between laser on and off. laser power: 9.5 
mW, excitation wavelength: 633 nm 

m 1 2 3 4 5 
Experiment 1.9 2.3 2.4 2.5 2.5 
Simulation 2.2 2.3 2.4 2.5 2.5 

 

Table S2 also lists the simulated peak shifts. There is good agreement from the second to 

fifth peaks between simulation and experiment. To aid the analysis, we write the energy of the 

m-th FER state relative to the sample Fermi level Em. To understand the peak shifts, we compare 

potential energy and the FER states at the voltage of second FER peak with and without laser 

excitation in Fig. 2(d and e). The second FER peak is formed when the energy of tunneling 

electron aligns with the second FER state, that is eV2=E2. With laser excitation in Fig. 2e, the 

transfer of one-photon excited hot electrons at EF,t+ℏω dominates. Assuming E2 is constant, 

there is 𝑒𝑉ଶ = 𝐸ଶ = 𝑒𝑉ଶᇱ + ℏ𝜔, which means ∆𝑉ଶ = ℏ𝜔/𝑒.  

However, Em (m≥2) exhibit significant upshift as the electrostatic field increases, similar 

to the energy of bound states in a triangular potential well. In a STM junction, the electrostatic 

field is determined by V and d. Therefore, E2 becomes a function of V and d. With optical 

excitation, d is affected by P. The electrostatic field (slope of potential energy) in the condition 

of V=V'2, P =9.5 mW in Fig. 2e is smaller than that of V=V2, P=0 mW in Fig. 2d, so E2(V'2, 

P=9.5 mW) is lower than E2(V2, P=0), resulting in 𝑒𝑉ଶᇱ + ℏ𝜔 = 𝐸ଶ(𝑉ଶᇱ,𝑃 = 9.5 mW) <𝐸ଶ(𝑉ଶ,𝑃 = 0) = 𝑒𝑉ଶ, explaining the shift Δ𝑉ଶ > ℏ𝜔/𝑒 in Table S2. For m>2, the difference 

between Em(V'm, P=9.5 mW) and Em(Vm, P=0) increases because the higher m is, the more 

sensitive Em is to the electrostatic field.12 

E1 weakly depends on the electrostatic field because it is determined largely by the image 

potential rather than the electrostatic field in the junction. Therefore, the shift of the first FER 

peak (m=1) roughly equals the value of photon energy in electron volt in experiment. However, 

in simulation the shift is larger than expected, likely because the model potential overestimates 

the change in the slope of potential energy near E1 in response to changes in V and d. 
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4  Spectra curves in main figures 

Fig. S13 Spectral curves in Fig. 3 
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Fig. S14 Spectral curves in Fig. 4 
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Fig. S15 Spectral curves in Fig. 5 
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5 Continuous downshift of plasmon-assisted FER peaks as laser power increases or 
current decreases 

 
Fig. S16 Experimental tip displacements and simulated tip-sample separation as functions of 

bias voltage.  

Each curve is acquired under a constant current condition. Positive displacement means tip 

retraction. Excitation wavelength: 633 nm. 

 
In Fig. S16, tip–sample separation increases as laser power increases or current decreases 

at an arbitrary fixed voltage. This leads to decrease in electrostatic field, resulting in energy 

downshift of FER states (Fig. S10). 
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6 ETC transitions from n=0 to n=1 caused by laser power or current change 

 
Fig. S17 Evolution of potential energy curves, transmission coefficients (S), tip electron 

distribution functions (ft), and energy distribution of current (g) as laser power or current 

changes.  

All energies are relative to tip Fermi level. The black dashed lines indicate the n=0 ETC near 

tip Fermi level (EF,t), and red dashed lines indicate the n=1 ETC near the energy level of EF+ℏω, 

respectively. Excitation wavelength: 633 nm; (a–d) V=3.75 V, I=100 pA; (e–h) V=4.2 V, laser 

power: P=5.5 mW. 

 
As laser power increases, tip–sample separation increases, and potential barrier width 

increases (Fig. S17a). This causes ratio of transmission coefficients S(EF+ℏω)/S(EF,t) increase 

(Fig. S17b). On the other hand, ft(EF+ℏω) also increases (Fig. S17c). As a result, at low laser 

power, current is distributed mainly in n=0 ETC, while at high laser power, current is 

distributed mainly in n=1 ETC (Fig. S17d). 

As current increases, tip–sample separation decreases, and potential barrier width 

decreases (Fig. S17e). This causes ratio of transmission coefficients S(EF+ℏω)/S(EF,t) decrease 

(Fig. S17f). On the other hand, ft(EF+ℏω) increases (Fig. S17g). At low current, current is 
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distributed mainly in n=1 ETC (Fig. S17h). The simulations show that the effect of S-ratio 

change is stronger than the effect of ft change, so at high current, the current fraction in n=0 

ETC surpasses that in n=1 ETC. 

 

7 Confirming the assignment of peaks labeled 1–4 in Fig. 4a to n=0 ETC 

 
Fig. S18 Confirming the assignment of peaks labeled 1–4 in Fig. 4a to n=0 ETC.  

(a) Comparison of the DCS at I=9.5 nA in Fig. 4a with a DCS acquired in dark condition (I=8 

nA). (b) Simulated DCS at I=9.5 nA and differential conductance originating from n=0 and 

n=1 ETC. Excitation wavelength: 633 nm. 

 
The experimental results in Fig. S18a show that the positions of peaks 1–4 coincide with 

the first to fourth FER peaks in the dark condition at I=8 nA, so they are assigned as FER peaks. 

The simulated results in Fig. S18b show that peaks 1–4 originate from n=0 ETC, confirming 

the assignment. 

 

8 Understanding sloped background in DCS arising from n=2 photoemission 

 
Fig. S19 Current–bias voltage curves at d=1.0 nm and 1.4 nm for the simulations in Fig. 5c. 

The dotted line mark I=30 pA. 
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In simulations, the ∂I/∂V is evaluated under fixed d, because under fixed I, ∂I/∂V≡0. In 

experiment, the situation is in between those two extremes, because the feedback cannot fully 

suppress current fluctuations caused by modulating bias voltage. Therefore, one should 

examine I–V curves under constant d to understand the sloped background in DCS arising from 

n=2 photoemission. 

In Fig. S19, I2 increases more rapidly as bias voltage increases at smaller d. As a result, 

the slope (∂I/∂V) at I=30 pA is larger at smaller d, explaining the sloped background in Fig. 5c. 

 

9 Comparison between experimental and simulated current–distance curves 

 
Fig. S20 Comparing experimental and simulated current–distance curves from Fig. 6 (633 nm). 

 
Fig. S20 shows that the simulated current–distance curves at V=0.1–1.5 V from Fig. 6 

agree with the experimental curves. 

In Fig. S21(a and b), we show experimental and simulated current–distance curves at an 

excitation wavelength of 532 nm. The simulated curves generally agree with the experimental 

ones. Both experimental and simulated curves show distinct decay constant β in different 

sections. Fig. S21(c–e) show the origin of the decay constant changes. At V=0.5 V, the 

dominant electron transfer transit from n=0 to n=2 process without being through the n=1 

process as gap distance increases. At V=1.8 V where the first plasmon-assisted FER peak is 

located, n=1 process becomes dominant in between the regions where n=0 and n=2 processes 

dominate. The region where n=1 process dominates is enlarged at V=4 V.  

In the insets of Fig. S21(a and b), we find that the decay constant β at 100 pA decreases 

step-by-step as bias voltage increases, and that the arrival of new steps coincides with the 

plasmon-assisted FER peaks. The first drop of β at around V=1.5 V is due to transition of 
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electron tunneling from n=0 to 1 process. The second and third drops at around V=2.8 V and 

around 3.8 V is associated with the second and the third FER states, respectively. This 

phenomenon relates to the findings that the decay constant, or apparent barrier height, is 

affected by the features in the local density of states versus energy.7 The simulations in the inset 

of Fig. S21b successfully reproduce this phenomenon, warranting simulation results.  

 
Fig. S21 Experimental and simulated current–distance curves at an excitation wavelength of 

532 nm.  

Insets: left axis: DCS acquired together with the current–distance curves at I=100 pA, right 

axis: decay constant β at I=100 pA versus bias voltage. Laser power: 15 mW, Simulation 

parameters: Rtp=2.1 nm and αabs used in the simulations is provided in Fig. S22. (c–e) 

Experimental and simulated current–distance curves and simulated current curves from n=0, 1, 

and 2 electron transfer processes at three selected voltages. 
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10 Simulated laser-power dependence of DCS with n=2 ETC 

 
Fig. S23 Simulated differential conductance spectra (DCS) and transition of electron transfer 

processes from n=0, 1, to n=2 as laser power increases corresponding to the simulations in Fig. 
5. 

(a, b) DCS at I=100 pA (c) DCS at P=16 mW and differential conductance originating from 

n=0, 1, and 2 electron transfer processes. (d) current fraction from n=0, 1 and 2 electron transfer 

processes presented by the intensity of red, green, and blue channels in a RGB color, 

respectively. Excitation wavelength: 633 nm. 

 
  

Fig. S22 αabs used in the simulations in Fig. 
S21 and predicted by COMSOL with Ltp=1

nm, Rtp=2.1 nm and λ=532 nm. 
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