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1 Background theory

1.1 Standing-wave states in an STM junction
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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: Ryp=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, |y|*, of the 1st to 4th standing-wave states. The arrows mark the boundary of
the tunnel and the classically allowed regions (E£,=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.



1.2 Model potential

The model potential, U(z), used in our simulation is:
Epe+ @ —ele(V,d,2) + Uing(d, 2), 0<z<d
Uso —Usy —eV, d<z<d+dg

USW.d) =1, (z— (d +dg)) [Uso + U,y sin <2n[z —(d+dg)] g) s U“l .(S1)

dlll 2
+Usg — Uy — €V, d+dg <z<d+dg +5di14
\ USO - USl - eV, zZ 2 d + dgr + 5d111

It has three parts: tip, vacuum, and Ag(111). In Ag tip region (z<0), Er; is Fermi energy level
in the tip. @ is work function of Ag(111), which is 4.53 eV.! @t is work function of tip. Ut is
the inner potential of the tip. We apply free-electron-gas model to tip electrons, so Uy = Ep¢ —
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 US'(V,d,z) =
UB(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

1 — . .
(V,d,z) =V — E ( q“, + q”, ) (52)
ame, |2 — 2| |z’ =23

i=0
where z' is transformed coordinate, z'=zms—z, with zms the position of mirror plane of the
Ag(111). zy,s =~ d + 0.35 A. By doing so, the Ag(111) mirror plane is at the origin of the z'
coordinate system. ¢gsi and z's; are the charge and coordinate of the s-th series i-th image charge

resulting from applying ¥ to the tip and the sample grounded (reversed from the experimental

n.. = A4ms. VR G20 = —47T€0VR
R2
dyi-1)c
3 R ,(i=>1) b
q1i = — q2(i-1) {ZZi =TZy
' dagiciyc Ui = —Clli'(l =>1) (S54)
\dai-nyc = |Z5g-1) — (R + di)|



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

where R is the tip protrusion radius, €o 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 A. dai-1)c is the

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

protrusion.
@ . md=—R—= b
'I‘ \“ e_
q2.0721 C74.1 931': C140 (q.ao)
image image Ag(111) surface tip protrusion

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

electron (labeled g30) between a surface and a sphere (b).

Ulimg 1s:

© 4
e qao0 dsi
U.o(d,z) = — — S5
img(d, 2) 8me, {lzl — 75| + E E |z — Z’il} (S5)

i=1s=1 S
where e~ is the electron charge. There is a 1/2 factor in the expression of Uimg,® the reason of
which can be shown by the image potential on a single planar surface.* Imaging a planar surface

at z=0, the image force is

Fimg = — o (S6)
4me, (22')?
for an electron at z'. The image potential is therefore
z’' 1 e2
Uimg = — foo Fimgdz' = — 81‘[80§. (87)

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). gsi and z's; are given by

{Zéo =7 {wa ==z (S8)
30 = e quo = —€



2 2

( 1A ( !
Zli:(R+dm)_d3(, e Z2i=(R+dm)_d( »
i— 4(i-1
3 Gy = — R - ,(i=1) 4 s = — R Gai ,(i=1)
11 d3(i_1)c 3(1—1) 21 d4(l’_1)c 4(1—1)
\d3i—1yc = |R + dm — Z3_1)| \dai—nc = |[R+ dm — Zzll-(i—l)l (S9)
(23 = —21; . {Zz'u' =—Zy .
(=1 (=1 S10
\q3i = —q1i ( ) Q4i = —q2i ( ) (510)

We introduce oscillating potentials according to the nearly free electron model® in the Ag
crystal region of U(z) in eqn (S1) to simulate the reflection of electron wave function at the
Ag(111) surface. Uso is averaged potential in Ag crystal, and Usi is amplitude of oscillation
before a window function fwin is applied. di11 is the distance between Ag(111) planes. dr 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:

0, z< —w/2orz>w/2

2Tz

fuin(2) = {% [1 + cos <7>]' —w/2<z<w/2 ' (511)

where w is the base width of the window.

1.3 Calculation of the transmission coefficient .

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

in one dimension for wave function y(z):

h? 02

[— gt U(z)] V() = B, (s12)
With the model potential described in section 1.2, we numerically solved the Schrodinger
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 y(z). Since the potential energy is constant
in both source and receiver, the wave functions are composed of plane waves. w(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:

Ajpet*o? + Ape~koZ, z< 7z

Aretkr? zZ> 2z, (513)

Y(2) = {
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where Ain, Ar and At are the complex amplitude of the incident, reflected and transmitted wave,
respectively. ko and 4: are wave vectors of the electron in z direction in the source and receiver,

respectively:

[, _ 2, —Uo)

° h
_V2m(E, - 0D’ o1
T h

where Us, 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 z, = =5 A and z, = d,,, + 5 A.
Therefore, the boundary condition is:

— pikezy
{w,"éf;):_i,frem, (515)
with A1=1. Then, the y(z) at z, < z < z,. is solved numerically from zr to zo. Once the wave
function is obtained, we acquire ¥ (z,) and Y'(z,), which are written as wo and ",
respectively, for short. The transmission coefficient is calculated as following: Since U(z)—E:
in eqn S12 is a negative constant in the source, both the real and imaginary part of the w(z) can

also be expressed as:

Y(z) = a; cos(kyz + ¢1) + ia, sin(ky,z + ¢@,), (2 < 0) (S16)
SO
{ P(z,) = aq cos(koz, + ¢1) + iay sin(kyz, + ¢3) (517)
lp’(zo) = _alko Sin(koZo + Qpl) + iazko COS‘(koZo + ‘Pz) .
Therefore,
Re() kolm(¥,)
= arctan(— ———) — k =arctan| ———— | — k
¢, = arctan( koRe(¢o)) oZo @, = arctan ) oZo
(S18)
o Re(p) o Im()
17 cos(kyzo + ¢1) 27 sin(koz, + ¢3)
Connecting eqn S13 and eqn S16, we obtain Ain and Ar:
1 . .
Aijn = E(ale“”l + aze“”z)
1 (819)

AR = E(ale_i‘Pl — a,e”i02)

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

_ Ur |AT|2 _ kr |AT|2 kr 1

§=—" = =<,
Vo |Ain|2 ko |Ain|2 ko |Ain|2

(S20)
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where vop) is the velocity of the wave in the electron source (receiver). Vo) = hkor)/m.

To visualize the enhanced transmission coefficient through the FER states, the
transmission coefficient is viewed as
S = ScrrScARs (521)
where Scrr and Scar stand for the transmission coefficient of the classically forbidden (U(z)<E-,
shaded region below the potential energy curve in Fig. S1a and Fig. 2d) and allowed (U(z)>E,
the region above the potential energy curve) region, respectively. Therefore, Scar = S/Scrr =
S/Swkg, Where Swks is the transmission coefficient of the classically forbidden region

approximated by the Wentzel-Kramers—Brillouin (WKB) method:

SWKB = exp (—@122 4/ U(Z) — EZdZ> , (822)

where z1 and z2 are the positions where E: and U(z) intersect. The inset of Fig. S1a and Fig. 2d
plots S/Swks. Peaks appear in S/Swks when E: 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.® However, there are
undesired peaks in the transmission coefficient at £>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 /<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 £>4 eV. Fig. S3f shows the simulated DCS
with all FER peaks visible.

10
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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. (¢, 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, Uso and Usi, 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).”

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, Us = Egg — 5.49 €V, 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 Ry 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'=5.1V, d=1.48 nm, and Ryp=2.4 nm. (b) Simulated FER peaks with different

Ry compared with experimental ones.

1.5 Current formula®

Vacuum

Fig. S§ Decomposition of electron momentum p in metal.

Without laser illumination, the current is
where " and ~ denote electron transfer from the tip to the Ag(111) sample and vice versa. “t”

({94l
S

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

space from a free electron gas:’

~ zeA (d) 400 400 400 p :
rOw,) =282 [ [ [ P s W, d B dpedpy dpye,  (520)
0 —oo J—o00

where e is the elementary charge, A; is the lateral area of the current and is a function of d, 4 is

the Planck constant, and m is the electron mass. px and py are the electron momentum in the x
12



and y direction. Because we use a 1D potential that only varies in the z-direction, px and py are
invariant across the junction. p:, is the z-direction momentum in the electron source, which
refers to the tip for /™ and the sample for /. E and E: are the total energy eigenvalue and the
energy eigenvalue in z-direction, respectively. f,(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 p: with E, ¢, and Ez. We first decompose electron momentum in the source (po) in

Cartesian coordinate system (Fig. S5):

(px = /pé — Pz, COSQ
, (525)
py = /pé — pZoSing

where "0" denotes the electron source. Inside the source electrode, there is:

2

{E=§—°+Uo
e (s26)
E,= ZZT’r‘l’+U0

SO

Px =+ 2m(E —E,)cos @
py =+ 2m(E — E,;)sing, (527)
Pzo = v 2m(E; — Us)
where U, 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:

0(Px Pys Pzo0) m
dp,dp,d = |—————""|=m |=———=<dEdpdE,, (528)
px py pZ,O ‘ a(E’ (p' EZ) Z(EZ _ UO) (p zZ
a(pxrpyrpz,o) . . .
where [——=——=—=| is the Jacobian determinant. So, eqn S24 becomes
O(E,@.Ez)
2med t+00 2T +00
FOW,d) = 2 fu fo (IS, d, E;)AE dp dE, (S29)

Integrating for ¢:

1w, d) = £, (E)S(V,d,E,)dE dE, (S30)

Amtmed; (Y [t
=)

Uo VYEz
This result is essentially the same as the STM current formula deduced by Simmons. '

Changing the order of integration:

13



4mmed; (T (E
ow,d) = — f £, (E)S(V,d,E,) dE,dE (S31)
U YU,
This equals to:
) 4mmeA; (t*® E
~=2,d) = R, fo(E) . S(V,d,E,) dE,dE (532)

The above integrals are calculated numerically.

1.6 Determine current cross-sectional area

The current cross-sectional area (4;) is

A= (%)2 (533)

where Dy 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
Dr 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—} 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 (D) for dark, n=1, and n=2 ETC
current measured in experiments. Dr increase with d and also n. In Fig. S7b, the measured D:
for n=2 ETC current (dashed) exceeds the diameter of the tip protrusion (Dip) and should be
interpreted as the diameter on the sample side. On the tip side, the D; should rise towards its
upper limit, that is Dyp. Dyp =5.2 nm in the case of the simulations in Figs. 5—7. We assume that

Dy for n=1 ETC current also saturates at d=~2.2 nm in Fig. S7a because the Dr for n=1 and n=2

14



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.

(8)1 sl ! ! I T 1 i (b) ; T 'A T T T
N s i
1.6} ] !
6} IIA Dtp 4
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d (nm) d (nm)

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

transfer channels »=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 (Ryp) are determined by fitting
simulated DCS to the experimental DCS without laser excitation. The DCS are simulated using
the Fermi—Dirac distribution:

frsy (B) = [exp (%) + 1]_1, (S34)

€ 9
S

where “t” and stand for the tip and the Ag(111) sample, respectively, and Erys) stands for
Fermi energy level in the tip (sample). Egpy = Egg + eV.

Fig. S8 shows effect of Ry, @1, and dgr on model potential and the simulated differential
conductance spectra. In the following comparisons, we fix sample Fermi level. Increasing Rip
or @ 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 Ry or @t have similar effects on FER peak
positions, we fix @t and tune Ryp. We fix @: at 4.48 eV in all simulations. This value is arbitrary
as long as it is slightly smaller than @s=4.53 eV, because work function of Ag(111) is the highest
among all surface orientations.! 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 Ry and dgr, the
positions of third to fifth peaks can be fitted to the experiments in Fig. 2a with Rp=3.7 nm and
dg=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. dgr = dy, + d.. 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,’ possibly explained
by the finding that dm for Ag(111) is 17 pm larger than that for Ag(001).!!
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Fig. S8 Effect of tip protrusion radius (Rip), and tip work function (@), and potential groove

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

1.8 Contribution of backward current

In eqn (1), current is forward current /" minus backward current /™. The contribution of 7~
is examined here. Fig. S9(a and b) show that the contribution of /" is negligible at V>2.5 V
without laser excitation. Fig. S9(c and d) show that the contribution of /™ is negligible at >1.9
V with laser excitation. At ¥<2.5 V or 1.9 V, both /" and I increase rapidly as bias voltage
approaches zero, because d continues to decrease in constant current mode.
From eqn (1), we know
al ol M) b

F AR T2 T (S35)
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Since the partial derivations are evaluated under fixed d, in the free electron model, dI*/aV
is always positive and 01~ /dV negative, because I" always increases and I~ decreases as bias
voltage increases. In Fig. S9(b and d), as bias voltage approaches zero, dI*/dV approaches
zero while 01~ /dV becomes negative and diverges. As a result, dI/dV bends upwards as
bias voltage approaches zero. In Fig. S9b, negative a1 /dV at V=0.5 V is due to the bulk L-
gap of Ag. We find that in constant-d mode, " 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, I, is negligible in our measurement range, and /~ is dominated by [ .
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<I nm. At
such small d, a hot electron occupation of ~ 3x10~* (Fig. S11a) is just not enough to compete

with unexcited electrons in the sample.

(a) 300 | 1 1 1 1 i (CBOO = T T 1 1 =
Laser off — Laser on —
250l - 250F _/r+ 7
=0l — - | < 200F 0
£ 150¢ 151997 1
3100 3 100
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Ot 1 1 1 1 O 1 1 1 1
2 4 6 8 2 4 6 8
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(b) Sk T T T T 3 (d) T T T T
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—2 =3 1 1 1 1 = 1 1 1 1
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Bias voltage (V) Bias voltage (V)

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

(a)1oF T T T T = (b)10
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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. Rp=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.'?

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 formula®

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

n=0,1, and 2%

1(V,d,P) = 1,(V,d) + I,(V,d,P) + L,(V,d, P) (S36)
where
L(,d)=1g(V,d) — 15 (V,d) (S37)
1,(V,d,P) =1r(V,d,P)—1;(V,d,P), (n=1,2) (S38)
_ AmrmeA;,(d) (T E
LOWd)=——3"—]| fupe® | SV.dE)dE,dE (S39)
Uy(s) Uys)
+() 47Tm€AIn(d) teo E
ROW,dP)=——3"|  fign(d.EP) |  SV,dE)dE,dE,(n=1,2), (S40)
Uy(s) U(s)

where I and I” consider the transfer of tip electron to sample and vice versa, respectively. d is
the tip—sample separation, A/ is cross-sectional area of the current in n-th ETC, Ugs) is the inner
potential of the tip (sample), S is the transmission coefficient, E is the total energy, E- is kinetic
energy in the z-direction added to the potential energy. fis)» is the distribution function of the
Ag tip (Ag(111) sample) resulting from n-photon absorption: '3
-1
frsyo(E) = [exp (E;B—E;:(”) + 1] , (S41)

fe31(d, E, P) = Qusn (d, P)[(1 = fo(E)) fo(E — hw) — (1 = fo(E + ha))fo(E)],  (S42)
fee)2(d, E, P) = Qu(s)2(d, P)[(1 = fo(E — hw)) fo(E = 2hw) — (1 = fo(E)) fo(E — hw)]. (S43)
In eqn (S42) and (S43), “t(s)” in fo is omitted for simplicity. fo is the Fermi—Dirac distribution
with 7o an effective temperature representing the low-energy Drude response through Joule
heating. 7o is set to 78 K and we have confirmed that choice of 7o value between 8 K and 150
K has negligible effect on simulated current and DCS. ks is Boltzmann constant. Erys) is the
Fermi energy level in the tip (sample). fis)1(E) simply forms a positive plateau at Egy) < E <
Egys) + hw with occupation Qs resulting from one-photon absorption and a negative
plateau at 0 < E' < Egy) with value —Q1s) representing the holes left after the electron is
excited. Q)1 is:

4EFTee Xabs,t(s) (d)
3nrén,h?w?

Qus)1(d, P) = P, (S44)
where EF is the Fermi energy of Ag, Er=5.49 eV, 1. is the electron—electron relaxation time,
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Tee=350 £5,'%, 0labs.t and olabs s are coefficients measuring light absorption in the tip protrusion and
the local sample region relevant to STM junction, respectively. dabs,i(s) is a function of d. dabs,i((d)
affects the positions of the plasmon assisted FER peaks by affecting d under given /, V and P.
Therefore, aabs.((d) 1s tuned to match the simulated positions of the plasmon assisted FER peaks
with the experimental ones. dabst(d) for each simulation is provided in Fig. S11. The rf is the
radius of the focal spot, 7. is the electron density of Ag, # is the reduced Planck constant, o is
the angular frequency of laser. Details about derivation of eqn S44 are in next section.
Similarly, f2(E) forms a positive plateau at Ep + hw < E < Ep + 2hw with occupation
(O»> resulting from electron absorbing two photons and a negative plateau at Ep < E < Eg +
hw representing the holes left after the electron was excited by the second photon. We assume

Q, = Q2. I is included only in simulations for experiments where n=2 ETC occurs.

2.2 Hot-electron occupation Qn

The hot-electron occupation Qi is estimated from the number of photons absorbed: !

0, =2, (545)

Nsta

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,

Ngy = phow, (S46)
where p is density of states (DOS), and Z® is the energy of a photon. For Ag excited by 532-
or 633-nm laser, the transition is intra sp band. As p is relatively flat within the sp band, it is

approximated by the DOS at the Fermi energy:

3ne

47
25 (547)

p =

where 7. is the electron density of Ag, ne~5.86x10*® m™, and Er is the Fermi energy of Ag,
Er=5.49 eV.

D bsT
Nph = ahi)“"" (548)

where 1 is the electron—electron relaxation time, Te~350 fs,'* and D, is the power absorbed

per unit volume averaged in region of interest,

e = ] pasre
) (549)
Y P
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where Dabs(r) is the power absorbed per unit volume at point r, Vs and Vip 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, D ¢ Ij5ger, Where Iin is the incident light intensity,
laser intensity at the focus, so we define

D
Aaps = ;bS' (550)
in

which is independent of the laser intensity. To help understand the oabs we defined, imaging a
special case where one-dimensional light propagates through a material, one can prove
Babs 1- e_“L

I T (S51)

where L is the length light travels, and a is absorption coefficient. When aL<<I, aabs =a.. Since
the Dabs(r) is not uniform in our case, and D,y is defined in a small region of interest, cas
measures local absorption and should not be regarded as absorption coefficient, which is a
measure of material property.

Up to now, we have

2EFTeeaabs
'S S hze? (552)
In our experiment, /in equals laser intensity at the focus, so
2P
Iin = T[_sz' (553)

where P is laser power, and 7r is the radius of the focal spot (waist of a Gaussian beam). r¢
roughly equals to 3\, where A is laser wavelength, in our setup. oabs 1S the absorption cross

section per unit volume. In all, the Q1 is

4EFTee Xabs
=——-———P. S54
% 3nrén.h?w? (554)
Specifically,
4'EFTee Xabs,t(s) (d)
d,P) = - P, S55
Ql,t(S)( ) 37‘[Tf2ne hzwz ( )

[IPi]
S

where “t” and “s” denote the Ag tip and the Ag(111) sample, respectively. Both O1.1s) and dabs,(s)

are functions of d.

2.3 comparison of the coefficient a.ps used in simulation and evaluated by COMSOL

In our simulations, otabs(d) is a free parameter and is tuned to match the simulated
positions of the plasmon assisted FER peaks to the experimental ones, because ox,abs affects Qui,
QOu affects d under constant current (equivalent to Qu affecting current under constant o), and
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d affects positions of standing-wave states, so are the FER peak positions. osabs(d) has

negligible effect on DCS because the current is dominated by I". Therefore, asabs(d) is

COMSOL

determined by zt'abs = Ztabs _ \ihere aiHabe” 18 o acquired by COMSOL (see below). Fig.
s,abs s,abs ’

S11 show the aabs(d) used by the main figures.
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Fig. S11 coefficient aabs 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: Lyp=7.5 nm and
Ryp=3.7 nm; Excitation wavelength: 633 nm. (b) Fig. § and 6; Ly=5.5 nm and Ryp=2.6 nm; 633
nm. (c¢) Fig. 3d; Lyy=4 nm and Ryp=4.3 nm; 532 nm. (d) Fig. 4d; Ly=3.2 nm and Ryp=2.6 nm;
532 nm.

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

S49 and S50, aabs 1S expressed as

1
- 3
aabs,t(s) Iithp(s) ff‘fv Dabs(r)dr . (856)

tp(s)
The coefficients dabst and oabss 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. [;,, =
%ceoFifp where c is speed of light, €0 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 Vi and Vs are arbitrarily defined following the rules: the upper boundary of Vip
is an arc protruding upward by 0.5 nm, and the Vs is a hemisphere with radius equal to Ry (Fig.
S12b). Changing the rule defining the upper boundary of Vi results in slight change in oabs.,
which ends up with a different Ly (see next section), without changing the underlying physics.
Changing the rule defining the radius of Vs only slightly changes the curve at V=05V -1V,
because the 7 is negligible at higher voltages. The complex refractive index of Ag is taken

from the data measured by Johnson and Christy.!”

(a) (b) \ Ag tip /
| \ L /
400 \ R Ti ey /
‘ \ ! /
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| nm \\ ///
£ 200 \ <
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0
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200 O Ag(111) s
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Fig. S12 COMSOL model
(a) Model used in COMSOL simulation with the perfectly matched layers (PMLs) mark by

light green. (b) integration volumes Vi and Vs (light red) for calculating dabst and olabs.s.

The simulated oabs from COMSOL are plotted in Fig. S11 in comparison to the oabs used
in our simulations. In far-field case, the absorption coefficient for Ag is 0.085 nm™' at the
wavelength of 633 nm and 0.081 nm™! at the wavelength of 532 nm. The 2-3 orders of
magnitude enhancement in oabs shown in Fig. S11 is due to the plasmonic near-field
enhancement.

In most cases, aabs used in our simulation is well supported by COMSOL simulations
using certain tip-protrusion length (L), which is a free parameter. There are discrepancies at
d>2 nm in Fig. S11d between the simulated aabs 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 AV, =V}, — V},,, where V» and V' are the positions of the mth peak with laser off
and on, respectively. For the first peak, AV1~ 1.9V, whose value is in agreement with the value
of the photon energy (7m = 1.96 eV). As m increases, the shift increases substantially, reaching

~2.5 V for the fifth peak.

Table S2. peak shift (AV) 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 el/>=E>. With laser excitation in Fig. 2e, the
transfer of one-photon excited hot electrons at Eri+Aw dominates. Assuming E> is constant,
there is eV, = E, = eV, + hw, which means AV, = hw/e.

However, En (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", P =9.5 mW in Fig. 2e is smaller than that of V=V2, P=0 mW in Fig. 2d, so E2(}V",
P=9.5 mW) is lower than E2(V2, P=0), resulting in eV, + hw = E,(V,,P = 9.5 mW) <
E,(V,, P = 0) = eV,, explaining the shift AV, > hw/e in Table S2. For m>2, the difference
between Em(V'm, P=9.5 mW) and Ew(Vm, P=0) increases because the higher m is, the more
sensitive En is to the electrostatic field.'?

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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S Continuous downshift of plasmon-assisted FER peaks as laser power increases or

current decreases
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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
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Fig. S17 Evolution of potential energy curves, transmission coefficients (S), tip electron
distribution functions (f), 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 (E£F;), and red dashed lines indicate the n=1 ETC near the energy level of Er+hm,
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(Er+Aw®)/S(EFt) increase
(Fig. S17b). On the other hand, fi(Er+A®) also increases (Fig. S17¢). As a result, at low laser
power, current is distributed mainly in =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. S17¢). This causes ratio of transmission coefficients S(Er+4®)/S(EF;) decrease

(Fig. S17f). On the other hand, fi(Er+hw) 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 fi 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

(a) I- 1 1 1 (b) R 1 R 1 1 1
Experiment —— Laser off o 5| Simulation: 1 — ooV
=4 — Laser: 55mW - — Laser: 5.5 mW arjov
= o} 0 of/oV
= 3 =
g I 2 |
o
=2
< - —
=~
~
Q 1 J\_/\/\/\’\_\-
OL 1 1 1 1 = 00 1 1 1 1 =
2 4 6 8 2 4 6 8
Bias voltage (V) Bias voltage (V)

Fig. S18 Confirming the assignment of peaks labeled 14 in Fig. 4a to n=0 ETC.

(a) Comparison of the DCS at /=9.5 nA in Fig. 4a with a DCS acquired in dark condition (/=8
nA). (b) Simulated DCS at /=9.5 nA and differential conductance originating from »=0 and
n=1 ETC. Excitation wavelength: 633 nm.

The experimental results in Fig. S18a show that the positions of peaks 14 coincide with
the first to fourth FER peaks in the dark condition at /=8 nA, so they are assigned as FER peaks.
The simulated results in Fig. S18b show that peaks 1—4 originate from #»=0 ETC, confirming

the assignment.

8 Understanding sloped background in DCS arising from n=2 photoemission
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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 /=30 pA.
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In simulations, the 0I/0V is evaluated under fixed d, because under fixed 7, 0I/0V=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 /-V curves under constant d to understand the sloped background in DCS arising from
n=2 photoemission.

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

the slope (01/0V) at I=30 pA is larger at smaller d, explaining the sloped background in Fig. Sc.

9 Comparison between experimental and simulated current-distance curves
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Fig. S20 Comparing experimental and simulated current—distance curves from Fig. 6 (633 nm).

Fig. S20 shows that the simulated current—distance curves at ¥=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 § in different
sections. Fig. S21(c—) show the origin of the decay constant changes. At V=0.5 V, the
dominant electron transfer transit from #»=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 £ 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 f at around V=1.5 V is due to transition of
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electron tunneling from #=0 to 1 process. The second and third drops at around /=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.’ The simulations in the inset

of Fig. S21b successfully reproduce this phenomenon, warranting simulation results.
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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 /=100 pA, right

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

parameters: Ryp=2.1 nm and oabs 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 g ! ! T T . . . . . . .
| _e- tip, used in simulation ] Fig. S22 aabs used in the simulations in Fig.

‘I T ESisoL " MUt 1821 and predicted by COMSOL with Ly=1

— - sample, COMSOL

nm, Ryp=2.1 nm and A=532 nm.

10 Simulated laser-power dependence of DCS with n=2 ETC
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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 =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 #=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.
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