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ABSTRACT

By exactly solving the one-dimensional time-dependent Schr€odinger equation, we construct an analytical solution for nonlinear photoelec-
tron emission in a nanoscale metal–vacuum–metal junction driven by a single-frequency laser field, where the impact of image and space
charges is neglected. Based on the analytical formulation, we examine the photoelectron energy spectra and emission current under various
laser fields and vacuum gap distances. Our calculation shows the transition from direct tunneling to multiphoton induced electron emission
as gap distance increases. In the multiphoton regime, the photoemission current density oscillatorily varies with the gap distance, due to the
interference of electron waves inside the gap. Our model reveals the energy redistribution of photoelectrons across the two interfaces between
the gap and the metals. Additionally, we find that decreasing the gap distance (before entering the direct tunneling regime) tends to extend
the multiphoton regime to higher laser intensity. This work provides clear insights into the underlying photoemission mechanisms and spa-
tiotemporal electron dynamics of ultrafast electron transport in nanogaps and may guide the future design of advanced ultrafast nanodevices,
such as photoelectron emitters, photodetectors, and quantum plasmonic nanoantennas.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0061914

Photoelectron emission from nanostructures triggered by ultra-
fast optical fields provides access to the direct manipulation of elec-
trons on ultrashort spatiotemporal scales,1–8 making it attractive to
ultrafast microscopy,9 diffraction,10 free-electron lasers,11 hot-electron
emitters,12 and nanovacuum electronic devices.13–16 Due to the prom-
ise for potential applications to ultrafast and highly sensitive photode-
tection in the room temperature, laser-driven electron emission in the
nanometer-scale two-tip junctions has drawn strong recent inter-
est.17–25 Photoelectron emission and tunneling in nanogaps are also
critical to quantum plasmonic dimers,26,27 molecular nanojunctions,27

and charge transfer bowtie nanoantennas,28 as surveyed in a recent
review article.8 Typically, numerical solutions of the time-dependent
density function theory17,23,24,26,27 and Schr€odinger equation25,28 are
implemented to study the photoemission in nanogaps, but the under-
lying emission physics and their nonlinear parametric dependence are
not always transparent, especially when transitioning among different
emission regimes.

In this work, by exactly solving the time-dependent Schr€odinger
equation, we present an analytical model for nonlinear ultrafast

electron emission and dynamics in a nanoscale metal–vacuum–metal
junction driven by a single-frequency laser field. Using the analytical
formulation, we investigate the photoelectron transport with various
gap distances, laser intensities, wavelengths, and metal materials. Our
results provide clear insights into the energy distribution of emitted
photoelectron and spatiotemporal emission dynamics inside the
metal–vacuum–metal junction.

Our one-dimensional (1D) model (see Fig. 1) considers electrons
with initial energy e emitted from the surface at x¼ 0, under the action
of laser field F1cosðxtÞ, where F1 is the amplitude of the laser field
and x is the angular frequency. The laser field is assumed to be per-
pendicular to the flat emitter surface and cuts off abruptly at the sur-
face.4,25 Note that, by symmetry, electron emission from the surface at
x¼ d can be modeled in the same way (but with an opposite sign of
instantaneous laser field). This indicates no net time-averaged photo-
emission current, but only net instantaneous current is generated in a
symmetric nanogap.26–28 Note further that generating nonzero net
time-averaged photocurrent requires some sort of symmetry breaking
of the nanogap, e.g., by using dissimilar materials on the two sides of
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the gap,29 dc bias,17,18,21,25 or spatially or temporally inhomogeneous
optical fields.19,23,24,30 Here, we focus only on a symmetric nanogap,
which is applicable to a broad range of plasmonic and ultrafast opto-
electronic devices, where direct measurement of the gap current is typ-
ically infeasible.8,26–28 The time-dependent potential energy in Fig. 1
reads4,5,31–33

U x; tð Þ ¼
0 x < 0;

EF þW � eF1x cos xtð Þ 0 � x < d;

�eF1d cos xtð Þ x � d;

8><
>: (1)

where EF and W are the Fermi energy and work function of the left
metal, respectively, and e is the elementary charge. Here, the impact of
image and space charges is neglected for simplicity.

To obtain the electron emission probability, we solve the time-
dependent Schr€odinger equation:

i�h
@w x; tð Þ
@t

¼ � �h2

2me

@2w x; tð Þ
@x2

þ U x; tð Þw x; tð Þ; (2)

where �h is the reduced Plank constant, w x; tð Þ is the electron wave
function, me is the electron mass, and U x; tð Þ is the potential energy
given in Eq. (1). For x < 0, the electron wave function is

w x; tð Þ ¼ exp � iet
�h
þ ik0x

� �

þ
X1

n¼�1
Rnexp �i

eþ n�hx
�h

t � iknx

� �
; x < 0; (3)

which denotes the superposition of an incident plane wave with initial
energy e and a set of reflected plane waves with reflection coefficient

Rn and energies eþ n�hx; where the wavenumber k0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mee=�h2

q
and kn ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2meðeþ n�hxÞ=�h2

q
.

For 0 � x < d (in the gap), the exact solution to Eq. (2) is found
to be (see the supplementary material 1 for the method)

w x; tð Þ ¼
X1

n¼�1
exp �i eþ n�hx

�h
t

� �

� exp
ixeF1sin xtð Þ

�hx
þ ie2F2

1 sin 2xtð Þ
8me�hx3

� �

� T1nexp i

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2meEn

�h2

r
x þ eF1cos xtð Þ

mex2

� �" #(

þT2nexp �i
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2meEn

�h2

r
x þ eF1cos xtð Þ

mex2

� �" #)
;

0 � x < d; (4)

which shows the superposition of a set of electron waves traveling
toward the þx direction with coefficient T1n and toward the�x direc-
tion with coefficient T2n inside the gap, where the drift kinetic energy
En ¼ eþ n�hx� EF �W � Up and the ponderomotive energy
Up ¼ e2F2

1=4mex2.
For x� d, an exact solution of the electron wave function is easily

obtained,

w x; tð Þ ¼
X1

n¼�1
T3nexp �i

eþ n�hx
�h

t

� �

� exp iknx þ i
eF1dsin xtð Þ

�hx

� �
; x � d ; (5)

which represents the superposition of transmitted electron plane
waves with energies eþ n�hx, due to multiphoton absorption (n> 0),
direct tunneling (n¼ 0), and multiphoton emission (n< 0),4,34 where

the wavenumber kn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2me eþ n�hxð Þ=�h2;

q
and T3n is the transmis-

sion coefficient.
The coefficients T1n, T2n, and T3n (and therefore reflection coeffi-

cient Rn) can be calculated from boundary conditions that both the
electron wave function wðx; tÞ and its derivative @wðx; tÞ=@x are con-
tinuous at x¼ 0 and x¼ d (see the supplementary material 2 for
details). The normalized transmitted current density is defined as the
ratio of the transmitted probability current density over the incident
probability current density, w e; x; tð Þ ¼ Jtðe; x; tÞ=Jiðe; x; tÞ, where
the probability current density is J x; tð Þ ¼ ði�h=2meÞðwrw� � w�

rwÞ ¼ ði�h=2meÞ
P1

n¼�1
P1

l¼�1 ðwnrw�l � w�nrwlÞ. Thus, the
normalized instantaneous current density inside the gap (0< x< d),
in nondimensional quantities,4,5,31 e ¼ e=W, x ¼ x�h=W, t ¼ tW=�h,

EF ¼ EF=W, x ¼ x=k0, d ¼ d=k0, k0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�h2=2meW

q
,

F 1 ¼ F1ek0=W, Up ¼ Up=W, and En ¼ e þ nx � EF � Up � 1, is

w e; x; tð Þ ¼ 1ffiffiffi
e
p

X1
n¼�1

X1
l¼�1

Re ei l�nð Þxt � T1nT
�
1lD1

�n

þT1nT
�
2lD2 þ T2nT

�
1lD3 þ T2nT

�
2lD4

�o
; (6)

where

D1 ¼ exp i
ffiffiffiffiffiffi
En

p
� ð

ffiffiffiffiffi
El

p
Þ�

	 

x þ 2F 1cos xtð Þ

x2

� �� �

�
ffiffiffiffiffi
El

p	 
�
þ F 1sin xtð Þ

x

� �
;

FIG. 1. Energy diagram for photoelectron emission in a nanoscale metal–vacuum–
metal junction under a single-frequency laser field. Electrons with the initial energy
e are emitted from the surface at x¼ 0, with an energy of eþ n�hx, due to
n-photon contribution.
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D2 ¼� exp i
ffiffiffiffiffiffi
En

p
þ

ffiffiffiffiffi
El

p	 
�� �
x þ 2F 1cos xtð Þ

x2

� �" #

�
ffiffiffiffiffi
El

p	 
�
� F 1sin xtð Þ

x

� �
;

D3 ¼ exp �i
ffiffiffiffiffiffi
En

p
þ

ffiffiffiffiffi
El

p	 
�� �
x þ 2F 1cos xtð Þ

x2

� �" #

�
ffiffiffiffiffi
El

p	 
�
þ F 1sin xtð Þ

x

� �
;

and

D4 ¼� exp i
ffiffiffiffiffi
El

p	 
�
�

ffiffiffiffiffiffi
En

p� �
x þ 2F 1cos xtð Þ

x2

� �" #

�
ffiffiffiffiffi
El

p	 
�
� F 1sin xtð Þ

x

� �
:

The corresponding time-averaged emission current density is obtained
from the numerical integration of Eq. (6) over time,

w eð Þ
� �

¼ 1
2p

ð2p
0
w e; x; tð Þd xtð Þ: (7)

In the metal on the right-hand side (x> d), the normalized
instantaneous transmitted current density is found as

w e; x; tð Þ ¼ 1ffiffiffi
e
p

X1
n¼�1

X1
l¼�1

Re ei l�nð Þxt T3nT
�
3lD

n o
; (8)

where D ¼ ei ½
ffiffiffiffiffiffiffiffiffi
eþnx
p

�ð
ffiffiffiffiffiffiffiffi
eþlx
p

Þ��x ð
ffiffiffiffiffiffiffiffiffiffiffiffiffi
e þ lx
p

Þ�. The time-averaged trans-
mitted current density is

w eð Þ
� �

¼
X1

n¼�1
wn eð Þ
� �

; wn eð Þ
� �

¼ Re T3nj j2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þnx=e

p	 

; (9)

where wnh i represents the time-averaged transmitted current density
through the n-photon process, with transmitted electrons of energy
eþ n�hx.4 Due to current continuity, the time-averaged current den-
sity obtained from Eqs. (7) and (9) is equal, which has been verified in
our calculations.

Using the analytical solution presented above, we analyze the
photoelectron emission properties under different combinations of
gap distances and laser fields. Unless mentioned otherwise, the default
value of the laser wavelength is 800 nm (�hx ¼ 1:55 eV), the metals
on both sides of the gap are assumed to be gold,17,19–22 with Fermi
energy EF ¼ 5.53 eV and work function W¼ 5.1 eV, and the photo-
emission current is calculated from Eq. (9). Since most of the electrons
are emitted with initial energies near the Fermi level,4,34–36 we choose
the electron initial energy e ¼ EF for simplicity.

Figure 2(a) shows the dependence of total time-averaged trans-
mitted current density wh i on the gap distance d under different laser
fields F1. When the laser field is off (i.e., F1 ¼ 0), the current wh i is
contributed only by direct tunneling, which rapidly decreases as gap
distance increases. After applying a laser field, the current wh i
decreases initially as d increases, closely following the scaling for the
case of F1 ¼ 0, where direct tunneling dominates. As d increases fur-
ther, for a given laser field, the current wh i oscillates around a constant

value (cf. the dashed lines), which is found to be the photoemission
current from a single metal surface (i.e., when the metal on the right-
hand side in Fig. 1 is removed). The oscillation behavior is attributed
to the interference of electron waves inside the gap due to reflections
from the metal–vacuum interfaces, for various gap distances d. Here,
we ignore the effects of image charge and space charge, thus the oscil-
lation amplitude of wh i remains almost unchanged with increasing d.
This oscillation behavior is similar to that found in field emission from
dielectric coated surfaces.37 The interference of electron waves is also
demonstrated experimentally in Ref. 3, where the distinct peaks in
energy spectra arise from electron waves re-scattering at the emitter
tip. Notably, using free-electron theory33 to account for the distribu-
tion of electron energy states in the metal, we find the oscillation in
emission current density with d is significantly weakened, which indi-
cates that the oscillatory behavior strongly depends on electron
ground-state emission channels.34 Figure 2(b) displays the direct
tunneling background current wh iDT (i.e., F1¼ 0) and current driven
by optical field only, which is obtained by subtracting wh iDT from the
total emission current wh i in Fig. 2(a), wh i � wh iDT. It can be seen
that after a certain value of d, optically driven current becomes much
larger than the tunneling background current, indicating the current
is mainly driven by the incident laser field. For instance, for
F1 ¼ 1V/nm (the blue curve), as d>1nm, the laser-driven electron
emission dominates the current in the nanovacuum junction, where
the electron direct tunneling is negligible.

Figure 3(a) shows the energy spectra for photoelectrons transmit-
ted into the right-side metal for different gap distances d and laser
fields F1. For a smaller laser field (F1 ¼ 1V/nm), as d decreases, the
dominant emission shifts from four-photon over-barrier emission
(n¼ 4, cf. the ratio of the metal work function over single photon
energy W/�hx � 3.29) to tunneling emission (n<4). As laser field
increases (F1 ¼ 4 and 8V/nm), this shift of the dominant emission
process becomes less prominent because the potential barrier inside
the gap becomes less sensitive to the gap distance d under strong laser
fields. Since the direct tunneling background emission only occurs at
n¼ 0 (cf. the vertical solid lines), this observed shift is driven by the
incident laser field.

FIG. 2. Normalized time-averaged photoemission current density under various gap
sizes and laser fields. (a) Total emission current density wh i as a function of gap
distance d for different laser fields F1. Dashed lines denote the emission current
density from a single surface when the metal on the right-hand side in Fig. 1 is
removed, which is obtained from Ref. 4. (b) Laser field driven emission current
wh i � wh iDT as a function of gap distance d for different laser fields F1. Here, wh i
is the emission current in (a). wh iDT denotes the direct tunneling background cur-
rent for F1 ¼ 0 in (a).
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Figure 3(b) compares the energy spectra for photoelectrons inside
the gap and in the right-side metal for d¼ 2nm. It is found that
although the total emission current wh i is equal in these two regions,
the energy distribution of photoelectrons is quite different. In particu-
lar, the time-averaged current densities for all n-photon channels are
positive in the right-side metal, while some of them are negative inside
the gap [see the open diamond markers in Fig. 3(b)]. Negative value of
wnh i means that electrons excited through those n-photon processes
are reflected backward inside the gap. Additionally, n-photon pro-
cesses with n < 4 contribute more significantly for transmitted elec-
trons in the right-side metal than those inside the gap, which becomes
more pronounced for larger laser intensity.

In Fig. 4(a), we plot the total time-averaged emission current
density wh i as a function of laser field F1 with various gap distances d.

For the vacuum gap with d� 1nm, the slope of wh i increases with F1,
indicating that the dominant emission process shifts to higher order
n-photon absorption. This is consistent with the results shown in Fig.
3(a). For the cases with larger gap distances, the slope of wh i becomes
insensitive to the gap distance d and follows that of photoemission
current from a single metal surface. The scale approaches wh i / F2n

1
with n¼ 4, indicating that four-photon absorption dominates the
emission process. Figure 4(b) displays the difference between the total
emission current in a nanogap and emission current from a single sur-
face wh i � wh iSS, where the difference becomes more pronounced in
the larger laser intensity regime. Moreover, it is interesting to find
that the location of channel closing [i.e., the location of transition
between the dominant four- and five-photon absorption in Fig. 4(c),
see the supplementary material 3] shifts to larger laser field F1 for
smaller gap distance d. This indicates that decreasing the gap distance
(before entering the direct tunneling regime) can extend the multipho-
ton regime to higher laser intensity. This may be explained by the fact
that the shape of the potential barrier becomes less sensitive to the
laser field strength for a smaller gap distance, thus allowing the domi-
nant n-photon process to remain over a larger range of laser fields (or
laser intensities).

Figure 5 shows the time-dependent current density w x; tð Þ as a
function of space x and time t for different combinations of laser field
F1 and gap distance d. It is seen that, in addition to the surface oscilla-
tion current near the metal–vacuum interface at x ¼ 0, some electrons
are back reflected from the vacuum–metal interface at x ¼ d into the
vacuum gap approximately at the beginning of second half cycle of the
laser fields (i.e., xt ¼ pÞ. This is shown by the change of w x; tð Þ from
red to dark blue around xt ¼ p in Figs. 5(e), 5(f), 5(h), and 5(i), where
the red region denotes positive current density propagates in the þx
direction and the dark blue region in the �x direction. As d increases,
more interference patterns of w x; tð Þ inside the gap are formed. The
full width at half maximum (FWHM) of the emission current pulse is
about 0.63 fs, which is greatly shorter than laser period of 2.67 fs.
Additionally, the nonlinear effects of laser wavelength and materials

FIG. 4. (a) Normalized total time-averaged emission current density wh i and (b) difference between total emission current wh i and emission current from a single surface
wh iSS as a function of laser field F1 for different gap distances d. The single surface case wh iSS is obtained from Ref. 4. The dashed line in (a) denotes the scale of wh i
/ F2n1 with n¼ 4. (c) wh i as a function of F1 for d¼ 3, 5, and 11 nm. Here, laser field regimes are labeled with n¼ 4 and n¼ 5 (cf. the areas filled with different colors), which
means the dominant emission process in this field regime is four- or five- photon absorption, respectively.

FIG. 3. (a) Energy spectra for photoelectrons transmitted into the metal on the
right-hand side for different d and F1. (b) Photoelectron energy spectra for electrons
inside the vacuum gap and in the metal on the right-hand side under different F1 for
d¼ 2 nm. For the curves for photoelectrons inside the gap, white-filled diamond
markers denote the absolute value of negative emission current density wnh i
through the nth channel.
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on the gap-size dependence of total time-averaged emission current
are discussed in the supplementary material 4. The results indicate
that for a given laser wavelength and intensity, the transition from
direct tunneling to multiphoton emission occurs at a smaller gap spac-
ing for nanogaps formed with smaller work functions.

In summary, we present an analytical solution for photoelectron
emission and transport in a nanoscale metal–vacuum–metal junction
driven by a single-frequency laser field, by exactly solving the time-
dependent Schr€odinger equation. The analytical model is valid for
arbitrary gap distance, laser intensity (below the material damage
threshold), wavelength (of photon energy below the ionization thresh-
old of the metal atom), and the metal work function and Fermi level.
Our calculation exhibits the transition from direct tunneling to multi-
photon induced electron emission and the oscillatory dependence of
photoemission current on the gap distance in the multiphoton regime.
Our results demonstrate the energy redistribution of emitted photo-
electrons across the two interfaces of the nanogap. We also find that
decreasing the gap distance (but before transiting into the direct
tunneling regime) can extend the multiphoton regime to higher laser
intensity. Our work would be useful for understanding underlying
photoemission mechanisms and spatiotemporal electron dynamics of
ultrafast electron transport in nanogaps, which have applications in
quantum plasmonics, quantum nano-optics, nanoantennas, ultrafast
optoelectronics, and ultrafast photodetectors such as hot carrier photo-
detection using metal nanoparticles.38,39

Future work will consider the impact of dc bias,4,5,25 nonlinear
field enhancement near higher dimensional emitter tips,14 surface
structures, roughness, and defects, pulsed laser excitation,7 and laser
heating effects. The effects of plasmonic resonance6,20,26–28,30 as well as
surface coating6,37 may also be considered. It would be interesting to
examine nanogaps formed with semiconductors38,39 or low-
dimensional materials. The effects of rectification in nanogaps formed
with dissimilar materials29 require further investigation. Our current
model ignores image charge, exchange–correlation, space charge
effects,16,29,36 laser field penetration inside the metal electrodes, and
laser heating (Ref. 40) which are expected to change the characteristics
of current transport and need to be studied in the future.

See the supplementary material for the derivation of the exact
solution of the electron wave function, the calculation of transmission
and reflection coefficients, photoelectron energy spectra for different
gap distances, and effects of laser wavelength and materials on
photoemission.
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Supplement 1: Exact solution of electron wave function 

Following Truscott1,2, the time dependent potential for 0 ≤ 𝑥 < 𝑑 could be written as Φ(𝑥, 𝑡) =

𝑉(𝑥, 𝑡) − 𝑥𝑓(𝑡), with 𝑉(𝑥, 𝑡) = 𝐸𝐹 +𝑊, and 𝑓(𝑡) = 𝑒𝐹1 cos(𝜔𝑡). Thus, Eq. (2) in the main text 

could be transformed to the coordinate system 𝜉, t, where 𝜉 = 𝑥 − 𝑞(𝑡), the displacement 𝑞(𝑡) =

(1/𝑚𝑒) ∫ 𝑝(𝑡′)𝑑𝑡′
𝑡

, and 𝑝(𝑡) = ∫ 𝑓(𝑡′)𝑑𝑡′
𝑡

, by assuming that 𝜓(𝑥, 𝑡) = 𝜙(𝜉, 𝑡)𝜒(𝑥, 𝑡) , with 

𝜒(𝑥, 𝑡) = exp⁡[−𝑖𝐸𝑡/ℏ + 𝑖𝑥𝑝(𝑡)/ℏ − (𝑖/2ℏ𝑚𝑒) ∫ 𝑝2(𝑡′)𝑑𝑡′
𝑡

], and 𝐸 being a constant. We have, 

𝑖ℏ
𝜕𝜙(𝜉,𝑡)

𝜕𝑡
= [−

ℏ2

2𝑚𝑒

𝜕2

𝜕𝜉2
+ 𝑈(𝜉, 𝑡) − 𝐸]𝜙(𝜉, 𝑡),                                (S1) 

with 𝑈(𝜉, 𝑡) = 𝑉(𝑥, 𝑡). By separation of variables, Eq. (S1) can be easily solved to give 

𝜙(𝜉, 𝑡) = 𝜙(𝜉) = 𝑒±𝑖𝜉√2𝑚𝑒(𝐸−𝑉0)/ℏ
2
,                                        (S2) 

Here, “+” in 𝜙(𝜉) denotes the electron wave travelling towards +x direction; “‒” denotes the 

electron wave travelling towards –x direction. Due to the reflection of electron waves at metal-

vacuum surfaces of x=0 and d (see Fig. 1), the electron wave function 𝜓(𝑥, 𝑡) inside the vacuum 

gap (0 < 𝑥 < 𝑑) should be the superposition of wave functions towards +x direction and –x 

direction. Then, from 𝜓(𝑥, 𝑡) = 𝜙(𝜉)𝜒(𝑥, 𝑡), we obtain Eq. (4), which is the exact solution to 

Eq. (2), upon using 𝐸 = 𝜀 + 𝑛ℏ𝜔 − 𝑒2𝐹1
2/4𝑚𝑒𝜔

2.  

Supplement 2: Calculation of transmission and reflection coefficients  

By imposing the boundary conditions that both the electron wave function 𝜓(𝑥, 𝑡) and its 

derivative 𝜕𝜓(𝑥, 𝑡)/𝜕𝑥 are continuous at x = 0 and x = d, and taking Fourier transform, we obtain, 

in nondimensional quantities defined in the main text above Eq. (6)2,3,4, the following equations,  

∑ 𝑇1𝑛

∞

𝑛=−∞

[√𝜀̅ + 𝑚𝜔̅𝑃1𝑛(𝑛−𝑚) + 𝑄1𝑛(𝑛−𝑚)] + 𝑇2𝑛[√𝜀̅ + 𝑚𝜔̅𝑃2𝑛(𝑛−𝑚) + 𝑄2𝑛(𝑛−𝑚)]

= 2√𝜀𝛿̅(𝑚)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(S3) 



2 
 

∑ [√𝜀̅ + 𝑚𝜔̅𝑈1𝑛(𝑛−𝑚) − 𝑉1𝑛(𝑛−𝑚)]𝑇1𝑛

∞

𝑛=−∞

+ [√𝜀̅ + 𝑚𝜔̅𝑈2𝑛(𝑛−𝑚) − 𝑉2𝑛(𝑛−𝑚)]𝑇2𝑛 = 0⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(S4) 

∑ 𝑇1𝑛

∞

𝑛=−∞

𝑈1𝑛(𝑛−𝑚) + 𝑇2𝑛𝑈2𝑛(𝑛−𝑚) =⁡𝑇3𝑚exp(𝑖𝑑̅√𝜀̅ + 𝑚𝜔̅)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(S5) 

where 𝛿(𝑚) , 𝑃1𝑛(𝑛−𝑚) , 𝑄1𝑛(𝑛−𝑚) , 𝑃2𝑛(𝑛−𝑚) , 𝑄2𝑛(𝑛−𝑚) , 𝑈1𝑛(𝑛−𝑚) , 𝑉1𝑛(𝑛−𝑙) , 𝑈2𝑛(𝑛−𝑚) , and 

𝑉2𝑛(𝑛−𝑙) are given by, 

𝛿(𝑚) = {
1,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑚 = 0,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡
0,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑚 ≠ 0,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(S6a)

 

𝑃1𝑛𝑙 =
1

2𝜋
∫ 𝑝1𝑛(𝜔̅𝑡̅)𝑒

−𝑖𝑙𝜔̅𝑡̅𝑑(𝜔̅𝑡̅)
2𝜋

0

,⁡⁡⁡𝑄1𝑛𝑙 =
1

2𝜋
∫ 𝑞1𝑛(𝜔̅𝑡̅)𝑒

−𝑖𝑙𝜔̅𝑡̅𝑑(𝜔̅𝑡̅)
2𝜋

0

,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(S6b) 

𝑃2𝑛𝑙 =
1

2𝜋
∫ 𝑝2𝑛(𝜔̅𝑡̅)𝑒

−𝑖𝑙𝜔̅𝑡̅𝑑(𝜔̅𝑡̅)
2𝜋

0

,⁡⁡⁡𝑄2𝑛𝑙 =
1

2𝜋
∫ 𝑞2𝑛(𝜔̅𝑡̅)𝑒

−𝑖𝑙𝜔̅𝑡̅𝑑(𝜔̅𝑡̅)
2𝜋

0

,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(S6c) 

𝑝1𝑛(𝜔̅𝑡̅) = e
𝑖
2√𝐸̅𝑛𝐹̅1
𝜔̅2 cos(𝜔̅𝑡̅)

𝑓(𝜔̅𝑡̅),⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(S6𝑑) 

𝑞1𝑛(𝜔̅𝑡̅) = [√𝐸̅𝑛 +
𝐹̅1
𝜔̅
sin(𝜔̅𝑡̅)] 𝑝1𝑛(𝜔̅𝑡̅),⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(S6𝑒) 

𝑝2𝑛(𝜔̅𝑡̅) = e
−𝑖
2√𝐸̅𝑛𝐹̅1
𝜔̅2 cos(𝜔̅𝑡̅)

𝑓(𝜔̅𝑡̅),⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(S6𝑓) 

𝑞2𝑛(𝜔̅𝑡̅) = [
𝐹̅1
𝜔̅
sin(𝜔̅𝑡̅) − √𝐸̅𝑛] 𝑝2𝑛(𝜔̅𝑡̅),⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(S6𝑔) 

𝑓(𝜔̅𝑡̅) = e
𝑖
𝐹̅1

2

4𝜔̅3 sin(2𝜔̅𝑡̅),⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(S6ℎ) 

𝑈1𝑛𝑙 = 𝑃1𝑛𝑙e
𝑖⁡√𝐸̅𝑛⁡𝑑̅, 𝑉1𝑛𝑙 = 𝑄1𝑛𝑙e

𝑖⁡√𝐸̅𝑛⁡𝑑̅,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(S6𝑖) 

𝑈2𝑛𝑙 = 𝑃2𝑛𝑙e
−𝑖⁡√𝐸̅𝑛⁡𝑑̅,⁡⁡⁡⁡⁡𝑉2𝑛𝑙 = 𝑄2𝑛𝑙e

−𝑖⁡√𝐸̅𝑛⁡𝑑̅ ,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(S6𝑗) 

with 𝐸̅𝑛 = 𝜀̅ + 𝑛𝜔̅ − 𝐸̅𝐹 − 𝑈̅𝑝 − 1. The coefficients 𝑇1𝑛, 𝑇2𝑛, and 𝑇3𝑛 (and therefore 𝑅𝑛) is then 

calculated from Eqs. (S3), (S4) and (S5).  

Supplement 3: Photoelectron energy spectra for the gap distance d = 3, 5 and 11 nm 
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In Fig. S1, we plot the energy spectra near the channel closing regime for the gap distances d = 

11, 5 and 3 nm. It is clear that for d = 5 and 11 nm, the channel closing (i.e., the transmission 

between the dominant four- and five- photon absorption) occurs when the laser field 𝐹1 = 8.2 V/nm 

and 6.2 V/nm, respectively. For d = 3 nm, the dominant emission process is found to be four-

photon absorption when 𝐹1 is between 1 and 9 V/nm. 

 

Fig. S1. Photoelectron energy spectra with different laser fields 𝐹1 for the gap distance d = 3, 5 and 11 

nm. 

Supplement 4: Effects of laser wavelength and materials on the gap-size dependence of 

total time-averaged emission current 

We examine the total time-averaged emission current density 〈𝑤〉 as a function of gap distance d for 

different incident wavelengths in Fig. S2(a) and for metals with various work functions in Fig. S2(b). It is 

found that the oscillation amplitude of 〈𝑤〉 increases when the laser photon energy ℏ𝜔 (∝ 1/𝜆, with 𝜆 

being the laser wavelength) becomes closer to the metal work function 𝑊, indicating stronger interference 

of electron waves inside the gap when 𝑊/ℏ𝜔 → 1. Figures S2(c) and S2(d) show the photoelectron 

energy spectra for different laser wavelengths in Fig. S2(a) and for different metals in Fig. S2(b) with d = 

2 nm, respectively. The shift of the dominant emission to larger n-photon process is due to the increasing 
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ratio of 𝑊/ℏ𝜔. Figure S2(e) displays the energy spectra with different gap distances d for different metals 

when laser field 𝐹1 = 1 V/nm. Similar to Fig. 3(a), it can be seen that as the gap distance d increases, the 

general trend is that the main emission process gradually shifts from direct tunneling to multiphoton 

induced over-barrier emission. It is important to note that, when the gap distance d is small (= 1 nm), the 

dominant emission for metals with larger work function (i.e., Mo, Cu and Pt) remains as direct tunneling 

emission (n = 0), whereas the dominant emission process for metals with smaller work function (i.e., Ag 

and W) becomes multiphoton over-barrier emission (cf. the vertical solid lines). This indicates that, for a 

given laser wavelength and intensity, the transition from direct tunneling to multiphoton emission occurs 

at a smaller gap spacing for nanogaps formed with smaller work functions.   

 

  

Fig. S2. Normalized total time-averaged emission current density 〈𝑤〉 as a function of gap distance d for 

various (a) laser wavelengths and (b) metal materials. Photoelectron energy spectra for different (c) laser 

wavelengths and (d) metals, for d = 2 nm. (e) Energy spectra for different gap distances d and metals. In (a) 

and (c), the metal is assumed to be gold. In (b), (d) and (e), the incident wavelength is 800 nm. The work 

function of different materials is WAg = 4.26 eV5, WW = 4.31 eV6, WMo = 4.6 eV5, WCu = 4.65 eV5, WAu = 5.1 

eV2,5, and WPt = 5.65 eV5. The laser field 𝐹1 is fixed as 4 V/nm in (a), (b), (c) and (d) and 1 V/nm in (e), 

respectively.  
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