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ABSTRACT

By exactly solving the one-dimensional time-dependent Schrodinger 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,” * making it attractive to
ultrafast microscopy,” diffraction,'” free-electron lasers,' hot-electron
emitters,"> and nanovacuum electronic devices.">'° 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.'”** Photoelectron emission and tunneling in nanogaps are also
critical to quantum plasmonic dimers,”**” molecular nanojunctions,””
and charge transfer bowtie nanoantennas,” as surveyed in a recent
review article.” Typically, numerical solutions of the time-dependent
density function theory'”*******” and Schrodinger equation™*® 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 Schrodinger
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 ¢ emitted from the surface at x = 0, under the action
of laser field Fcos(wt), where F; is the amplitude of the laser field
and o 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."”” Note that, by symmetry, electron emission from the surface at
x=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.”® ** 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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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
¢ are emitted from the surface at x=0, with an energy of ¢ -+ nhw, due to
n-photon contribution.
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optical fields.'””>***" 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.*”*** The time-dependent potential energy in Fig. 1
reads>531-33
0 x <0,
O(x, t) =< Ep+ W — eFixcos (wt) 0<x<d, (1)

—eF,d cos (wt) x<d,

where Er 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 Schrodinger equation:
O 1) _ B 0 (x, t)
! ot  2m, Ox2

+ O(x, t)(x, t), (2)
where /i is the reduced Plank constant, y/(x, t) is the electron wave

function, m, is the electron mass, and ®(x, t) is the potential energy
given in Eq. (1). For x < 0, the electron wave function is

V(x, t) =exp (— % + ikox)

+ ZRﬂexp(fig—i_’::hwtfik,,x)7 x<0, (3)

n=-—0o0

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

R, and energies ¢ + nfiw, where the wavenumber ko = y/2m,&/ K

and k, = \/2m, (¢ + nho) /K.

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)

scitation.org/journal/apl

> &+ nho
Y(x, t) = n;ooexp {—1 p t]
Y ex [ixeFlsin(wt) iezFfsin(Za)t)]
P hw 8m.hw?

. [2m,E, eFcos(wt)
X {Tl,,exp |:1 P2 <x+ 02

. [2m,E, eF cos(wt)
| )|

0<x<d, (4)

which shows the superposition of a set of electron waves traveling
toward the +x direction with coefficient T}, and toward the —x direc-
tion with coefficient T, inside the gap, where the drift kinetic energy
E, =¢+nhw —Ep— W —U, and the ponderomotive energy
U, = &’F} [4m 0.

For x > d, an exact solution of the electron wave function is easily
obtained,

> &+ nho
Y(x, t) = Z T5,exp (—1 p t)

n=-—0o0

eF, dsin(a)t)} > d 5)

X exp {1k,,x + i o

which represents the superposition of transmitted electron plane
waves with energies ¢ + nfiw, due to multiphoton absorption (n > 0),
direct tunneling (n = 0), and multiphoton emission (1 < 0),** where

the wavenumber k, = y/2m, (& + nhw)/ 12, and Ts, is the transmis-

sion coefficient.

The coefficients T}, T5,,, and T3, (and therefore reflection coeffi-
cient R,) can be calculated from boundary conditions that both the
electron wave function y(x, t) and its derivative Oy (x, t)/0x are con-
tinuous at x=0 and x=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, t) = Ji(¢, x, t)/Ji(¢, x, t), where
the probability current density is J(x, t) = (ih/2m,) (Y V" — "
V) = (ih/2me) 3257 o 35 oo (Vi =¥, V). Thus,  the
normalized instantaneous current density inside the gap (0 <x < d),
in nondimensional quantities,”””' & = ¢/ W, @ = wh/W, = tW/h,

FF:EF/W, f:x//lo, d d//lo, /1(): \/hz/ZmEW,

F, = Fle/lo/W,Up = UP/W,andEn =t+nw—Ep —UP —1,is

B 1 S o ) -
W(E7 x7 t) = ﬁ Z Z Re{e’(l_n)wt X {TlnTrIDl
n=—00 |[=—o0

+T1, Ty D, + Ts, TDs + TznT;lDz;}}, (6)

where

Dy =exp {i(\/ﬁ_n— (VE)) <E +M)}
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The corresponding time-averaged emission current density is obtained
from the numerical integration of Eq. (6) over time,

and

21
(w(z)) = ij w(z, x, 1)d(@1). 7)
21 )
In the metal on the right-hand side (x>d), the normalized
instantaneous transmitted current density is found as

R NN 2 -

e =—= > 3 Re{d T, D) ®)
\/f_;n=foo I=—00

where D = el [Ve+mo—(Verio) ¥ (/g Te5) ", The time-averaged trans-

mitted current density is

W@)= 3 (n@), (@) =Re(ITl*yTFr05), ©)

n=—0o0

where (w,) represents the time-averaged transmitted current density
through the n-photon process, with transmitted electrons of energy
¢+ nhio." Due to current continuity, the time-averaged current den-
sity obtained from Egs. (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 (fiw = 1.55 eV), the metals
on both sides of the gap are assumed to be gold,"”'”** with Fermi
energy Er = 5.53¢V and work function W=5.1¢V, and the photo-
emission current is calculated from Eq. (9). Since most of the electrons
are emitted with initial energies near the Fermi leve 431735 we choose
the electron initial energy & = Ep for simplicity.

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

scitation.org/journal/apl
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FIG. 2. Normalized time-averaged photoemission current density under various gap
sizes and laser fields. (a) Total emission current density (w) as a function of gap
distance d for different laser fields F4. 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
(w) — (w)pr as a function of gap distance d for different laser fields F1. Here, (w)
is the emission current in (a). (w)pr denotes the direct tunneling background cur-
rent for F1 = 0in (a).

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 (w) remains almost unchanged with increasing d.
This oscillation behavior is similar to that found in field emission from
dielectric coated surfaces.”” 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 theory™ 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.” Figure 2(b) displays the direct
tunneling background current (w);. (i.e., F; = 0) and current driven
by optical field only, which is obtained by subtracting (w),. from the
total emission current (w) in Fig. 2(a), (W) — (w)py. 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
F; = 1V/nm (the blue curve), as d >1 nm, 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 F,. For a smaller laser field (F, = 1V/nm), as d decreases, the
dominant emission shifts from four-photon over-barrier emission
(n=4, cf. the ratio of the metal work function over single photon
energy W/hw ~ 3.29) to tunneling emission (1 <4). As laser field
increases (F; = 4 and 8 V/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
n=0 (cf. the vertical solid lines), this observed shift is driven by the
incident laser field.
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FIG. 3. (a) Energy spectra for photoelectrons transmitted into the metal on the
right-hand side for different d and F. (b) Photoelectron energy spectra for electrons
inside the vacuum gap and in the metal on the right-hand side under different F; for
d=2nm. For the curves for photoelectrons inside the gap, white-filled diamond
markers denote the absolute value of negative emission current density (wj)
through the nth channel.

Figure 3(b) compares the energy spectra for photoelectrons inside
the gap and in the right-side metal for d=2nm. It is found that
although the total emission current (w) 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
(wn) 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 (w) as a function of laser field F; with various gap distances d.

(a) (b) %10

scitation.org/journal/apl

For the vacuum gap with d < 1 nm, the slope of (w) increases with Fi,
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 (w) becomes
insensitive to the gap distance d and follows that of photoemission
current from a single metal surface. The scale approaches (w) oc F3"
with n=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 (w) — (w)gs, 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 F; 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,t) as a
function of space x and time ¢ for different combinations of laser field
F, and gap distance d. It is seen that, in addition to the surface oscilla-
tion current near the metal-vacuum interface at x = 0, some electrons
are back reflected from the vacuum-metal interface at x = d into the
vacuum gap approximately at the beginning of second half cycle of the
laser fields (i.e., wt = 7). This is shown by the change of w(x, t) from
red to dark blue around wt = = in Figs. 5(e), 5(f), 5(h), and 5(i), where
the red region denotes positive current density propagates in the +x
direction and the dark blue region in the —x direction. As d increases,
more interference patterns of w(x, t) 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

(c)
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FIG. 4. (a) Normalized total time-averaged emission current density (w) and (b) difference between total emission current (w) and emission current from a single surface

X

(w)sg as a function of laser field Fy for different gap distances d. The single surface case (w)gg is obtained from Ref. 4. The dashed line in (a) denotes the scale of (w)
F?" with n=4. (c) (w) as a function of F for d =3, 5, and 11 nm. Here, laser field regimes are labeled with n =4 and n =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.
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FIG. 5. Total time-dependent current density w(x,t) as a function of time t and
space X, under various laser fields Fy and gap distances d. Here, the time-
dependent current density w(x, t) is normalized in terms of the time-averaged cur-
rent density (w). In all figures, the units of F4 and d are V/nm and nm, respectively.
The dotted lines show the position of x = d.

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 Schrodinger 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.”*”

ARTICLE scitation.org/journal/apl

Future work will consider the impact of dc bias,””** nonlinear
field enhancement near higher dimensional emitter tips,"* surface
structures, roughness, and defects, pulsed laser excitation,” and laser
heating effects. The effects of plasmonic resonance®”* ***" as well as
surface coating””’ may also be considered. It would be interesting to
examine nanogaps formed with semiconductors™” or low-
dimensional materials. The effects of rectification in nanogaps formed
with dissimilar materials™ require further investigation. Our current
model ignores image charge, exchange-correlation, space charge
effects,'**”°° 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 Truscott'2, the time dependent potential for 0 < x < d could be written as ®(x, t) =
V(x,t) —xf(t), withV(x,t) = Er + W, and f(t) = eF, cos(wt). Thus, Eq. (2) in the main text
could be transformed to the coordinate system &, t, where § = x — q(t), the displacement q(t) =
(1/m,) [* p(t")dt’, and p(t) = [ f(t')dt’, by assuming that (x, t) = (&, )x(x,t), with
x(x,t) = exp[—iEt/h + ixp(t)/h — (i/2hm,) ft p2(t")dt'], and E being a constant. We have,
., 0(E, h2 92
in 2288 = [ +UE ) —E| o D), (S1)

at 2m 082
with U(¢,t) = V(x, t). By separation of variables, Eq. (S1) can be easily solved to give
(5, £) = () = e*EVZmETTOI/I, (S2)

Here, “+” in ¢p(&) 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 ¥(x, t) inside the vacuum
gap (0 < x < d) should be the superposition of wave functions towards +x direction and —x
direction. Then, from ¥ (x,t) = ¢(&)x(x, t), we obtain Eq. (4), which is the exact solution to
Eq. (2), upon using E = ¢ + nhw — e?F2/4m, w?.

Supplement 2: Calculation of transmission and reflection coefficients

By imposing the boundary conditions that both the electron wave function y(x,t) and its
derivative dy(x, t)/0dx 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)>>4, the following equations,

Z Tln [V &+ maPln(n—m) + an(n—m)] + TZn[V &+ maPZn(n—m) + QZn(n—m)]
n=-—oo

= 2+/&5(m) (S3)



o)

z [V £+ ma_)Uln(n—m) - Vln(n—m)]Tln + [V £+ ma_)UZn(n—m) - VZn(n—m)]TZn =0 (54’)

n=-—oo

z Tln Uln(n—m) + T2n UZn(n—m) = TSmeXp(idV &+ m@) (SS)

n=—oo
where 5(m), Pln(n—m)a an(n—m)’ PZn(n—m)v QZn(n—m)’ Uln(n—m)’ Vln(n—l)’ UZn(n—m)’ and

Vaon(n-r) are given by,

1, m =0,

sam) ={y m 0, (s6a)

1 21 o 1 21 o
Plnl = 2_.1- pln(a_)f)e_llwtd(wa; anl = _J- Chn(af)e_llwtd(af); (S6b)

T J, 2m J

1 21 o 1 2T o

Pan = 2_.1- pZn(a_)E)e_llwtd(a_)E): Qan = _f QZn(aae_llwtd(af)' (S6C)
T, 2m J
2B Fy
pin(@D) = e w2 C@f (), (S6)
_ S _
qln(wa = En + 551n((‘)a P1n(wﬂ, (566)
_2JBEnFy
pm(@h) =" o @r(aD), (S6/)
_ Fo _ _
qon(@0F) = 5sm(wt_) — |En|P2n(@0), (S69)
72
_ i-—L-sin(2wt)

f(@wt) = e'4@® , (S6h)
Uppy = Pyt VEnd, Vint = Quet VEnd, (S6i)
Upni = Pyye ™ VEnd, Vyy = Qppue™ i VEnQ, (S6/)

with E,, = € + nw — Ep — U, — 1. The coefficients T;,, T,,, and T3, (and therefore R,) is then
calculated from Egs. (S3), (S4) and (S5).

Supplement 3: Photoelectron energy spectra for the gap distance d = 3, 5and 11 nm



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 F; =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 F; is between 1 and 9 V/nm.
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Fig. S1. Photoelectron energy spectra with different laser fields F; for the gap distance d = 3, 5and 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 Aiw (o< 1/A, with A
being the laser wavelength) becomes closer to the metal work function I/, indicating stronger interference
of electron waves inside the gap when W /hw — 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

3



ratio of W /hw. Figure S2(e) displays the energy spectra with different gap distances d for different metals
when laser field F; =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.
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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 Waq = 4.26 eV°, Ww = 4.31 eV®, Wmo= 4.6 eV°, Wc, = 4.65 eV°, Wa,=5.1
eV?5, and Wp; = 5.65 eV°. The laser field F; is fixed as 4 V/nm in (a), (b), (c) and (d) and 1 V/nm in (e),
respectively.
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