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Ultrafast optically induced tunneling in narrow metallic gaps from the time-dependent
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Electron tunneling through a potential barrier is a salient quantum effect behind multiple practical applications
such as, for example, in electronics and scanning tunneling microscopy. Often considered within the quasistatic
picture, where the tunneling current flows through the system in response to an applied dc field, electron
tunneling can be brought into the realm of ultrafast phenomena when triggered by the electric field of a
short optical pulse. Ultrafast scanning tunneling microscopy thus emerges as a result of the combination of
the ultimate spatial and temporal resolution, offering unprecedented perspectives for studying electron and
phonon dynamics at surfaces. In this work, using the time-dependent density-functional theory, we address the
electron tunneling triggered by short (single-cycle and several-cycle) optical pulses in narrow metallic gaps under
conditions relevant for actual experiments. We identify photon-assisted tunneling with one-photon, two-photon,
and higher-order-photon absorption, and discuss the effect of the tunneling barrier, applied bias, and strength
of the optical field on the transition from photon-assisted tunneling (weak optical fields) to the optical-field
emission at strong optical fields. Numerical single-electron calculations and an analytical strong-field theory
model are implemented to gain deeper insights into the results of the time-dependent density-functional theory
calculations. Additionally, our parameter-free calculations allow us to retrieve and explain recent experimental
results on optically induced transport in narrow metallic gaps under an applied dc bias.

DOI: 10.1103/8mc1-jfmv

I. INTRODUCTION

Combining the atomic-scale resolution of the scanning tun-
neling microscope (STM) with the time resolution offered by
short and intense optical pulses has given rise to the field of ul-
trafast scanning tunneling microscopy (USTM), which offers
numerous opportunities to study intrinsic and photon-induced
dynamics at surfaces [1–11]. This is without mentioning the
burgeoning field of THz-assisted STM (THz STM) [12–17].
The development of experimental techniques calls for theo-
retical approaches capable to account for the main physical
processes at play, to analyze and to explain the experimental
data on a parameter-free basis, and to propose new experi-
ments. Thus, the description of the USTM has to address the
lightwave-driven electron currents in metallic junctions for a
wide range of experimental conditions. The role of the size of
the junction, of the applied bias, of the optical-field strength,
and of the waveform of the optical transient is of interest.

* Contact author: andrei.borissov@universite-paris-saclay.fr

For a wide gap between metals, the lightwave-induced
electron transport involves electron emission into the vac-
uum. This process can thus be understood using theories of
conventional and time-resolved photoemission from surfaces
[18–20] (weak optical fields), or using theoretical approaches
developed in the context of the interaction of short and intense
laser pulses with metallic tips, plasmonic nanoparticles, or
plasmonic structures with gaps of�10 nm widths [8,21–32].
While such a wide junction might be produced in USTM,
the most interesting regime of operation of the device asso-
ciated with atomic-scale resolution is the tunneling regime
with a nanometric size of the junction. In this situation, the
lightwave-induced electron transport in the system results not
only from the electron emission above the tunneling barrier
separating the metal surfaces, but also from electron tunneling
assisted by absorption of one or several photons, as illustrated
in Fig. 1.

Lightwave-assisted electron tunneling is often discussed
within the framework of the perturbative continuous-wave
(cw) approximation, such as the Landauer-Büttiker theory
[33,34] as well as the Tien-Gordon theory of photon-
assisted tunneling (PAT) [35–38]. Using the scattering theory

2469-9926/2026/113(4)/043108(26) 043108-1 ©2026 American Physical Society

https://orcid.org/0000-0002-9775-062X
https://orcid.org/0000-0002-6188-9179
https://orcid.org/0000-0002-1444-7589
https://orcid.org/0000-0003-0819-5028
https://ror.org/03qryx823
https://ror.org/03qryx823
https://ror.org/03qryx823
https://ror.org/02hpa6m94
https://ror.org/000xsnr85
https://ror.org/02e24yw40
https://ror.org/01cc3fy72
https://ror.org/0211r2z47
https://crossmark.crossref.org/dialog/?doi=10.1103/8mc1-jfmv&domain=pdf&date_stamp=2026-04-06
https://doi.org/10.1103/8mc1-jfmv


MA, BABAZE, KRÜGER, AIZPURUA, AND BORISOV PHYSICAL REVIEW A113, 043108 (2026)
en

er
gy

x - coordinate

(a)

e-

e-

e-

x - coordinate

(b)
en

er
gy

e-

en
er

gy

e-

e-

e-

e-

(c)

x - coordinate

en
er

gy

x - coordinate

(d)

 ℰ   ℰ   ℰ  

 ℰ  

 ℰ  

U

Eg dg

FIG. 1. Sketch of the processes behind electron transport in the gap under different conditions. The potential of the junction between
two metallic leads is shown as function of thex coordinate perpendicular to the surface.EF stands for the Fermi energy, ¯hω is the energy
of an absorbed photon. (a) The multiphoton regime of electron transport for narrow junction (weak fields). No bias is applied. The�-photon
absorption (vertical solid arrows, ¯hω) can lead to tunneling through the potential barrier reduced by�h̄ω (here� = 1 or 2), or to a classically
allowed over-the-barrier transition when�h̄ω is larger than the height of the tunneling barrier (here� = 3). The different� channels of electron
transfer are shown with dashed blue arrows. (b) The same as (a), but the width of the junction is large. The electron tunneling contribution
is negligible. Instead, electron transport is dominated by classically allowed over-the-barrier transitions. The process can be seen as electron
emission followed by electron propagation in the vacuum gap. (c) The same as (b), but a dc biasU is applied. This reduces the potential
barrier and permits tunneling. Along with over-the-barrier transitions assisted by multiphoton absorption, the dc tunneling (solid gray arrow)
or tunneling induced by�-photon absorption is possible. (d) The optical-field emission regime (strong fields), where an electron tunnels through
the potential barrier reduced by the optical field (solid blue arrow).

formulation of Pedersen and Büttiker [34], the zero-frequency
electron currentI induced by cw light of frequencyω between
two metallic leads separated by a distancedgap results from
transitions involving electronic states “dressed” by the optical
field:

I = − Idc(U ) +
∞∑

�=−∞
J2
�

(
Vg

h̄ω

)∫
dET (E )

× [ fL(E − �h̄ω) − fR(E + U )], (1)

where the summation runs over the electron transport chan-
nels associated with absorption (� > 0) or emission (� < 0)
of � photons. In Eq. (1), E is the electron energy,�h̄ω is
the electron energy change associated with the� photons
exchange with the field,J� is the�th-order Bessel function,
U is the applied dc bias,Vg = Egdgap is the optical bias
(with Eg the optical-field amplitude in the junction),fL(E )
( fR(E )) is the Fermi distribution of the left (right) lead,T (E )
is the elastic transmission coefficient, andIdc(U ) is the dc
current-voltage characteristic of the tunneling junction. In
the perturbative regimeEg is small, and the weight of the
electron transport channels quickly decreases with increasing
�, indeedJ2

� ( Egdgap

h̄ω
) ∝ E2�

g . Obviously, the cw approximation
is not suited for short optical pulses. Furthermore, a pertur-
bative theory does not allow one to address strong optical
fields.

Equation (1) admits an interpretation whereJ2
� ( Vg

h̄ω
) can

be seen as the probability of electron excitation by� pho-
ton absorption. As a result of the� photon absorption, the
energies of the occupied electronic states extend up toEF +
�h̄ω (EF stands for the Fermi energy). In this way, one
arrives at another approximation often used to explain exper-
imental data where (i) absorption of� photons results in a
nonequilibrium energy distribution of excited (hot) electrons,
and (ii) an electron tunnels from an initial state within this

nonequilibrium distribution through the static potential barrier
[5,9,39–41]. Using adjustable parameters allows one to de-
scribe the experimental data [5,40,41] a priori without
limitation in the pulse duration, as well as to incorporate
transport and relaxation of excited electrons in solids and
thermionic emission [42], as broadly discussed nowadays in
connection with plasmon-induced chemistry [43–48]. This
said, electron transport appears within this approach as an
incoherent process comprising sequence of two steps. This
is while a number of recent experiments report on coherent
control of electron transport in narrow metal junctions and of
electron emission from metal surfaces [7,31,49–55].

The coherent aspects of electron tunneling and electron
emission are naturally accounted for within a theoretical
framework where the excitation and emission (or tunneling)
are intimately linked and cannot be separated in time. Indeed,
consider the narrow gap between the metals which allows for
tunneling. In this situation, the photon absorption is associated
with the electron excitation into the electronic state which is
delocalized in the two leads (or in metal and vacuum in the
case of photoemission). The electron escape from the “parent”
metal surface starts therefore as soon as the optical field cou-
ples the initial and excited electronic states [7,24,50,56–64].
The theoretical methods applied in this context are often based
on the strong-field approximation (SFA) [8,65,66], which al-
lows one to address the situation of short and intense optical
pulses [23,49,56,64,67] also of interest here. Along with the
SFA, methods based on semianalytical [59,60,67] or numeri-
cal [64,67–69] solution of a model one-electron Schrödinger
equation for a single electron active in the transition dynamics
have also been reported.

Applying the theoretical techniques described above is
very enlightening as it allows one to discuss various aspects
of optically induced electron transport. On the other hand,
an extended parametrization of the system,ad hoc assump-
tions concerning the field screening in metal, and the often
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imposed reduction of the many-body problem to the one-
electron problem do not allow for robust quantitative analysis
of the main mechanisms involved. This points at the interest
in studying optically induced electron currents in tunneling
junctions using quantum time-dependent many-body meth-
ods, particularly under conditions approaching experimental
ones. The explicitly time-dependent treatment allows one to
naturally describe the situation of short and intense optical
driving pulses where linear approximations fail. Reducing
parameters of the theory and avoiding adjustment to the exper-
iment allows one to quantify various transport channels with
the ultimate goal to predict the optimal settings (the waveform
of the optical pulse, the size of the junction, and an applied
bias) for a desired task of USTM.

In this work, we build on our earlier time-dependent
density-functional theory (TDDFT) studies of the dynamics
of the electron transport in junctions between free-electron
metal surfaces. While previous implementations focused on
few-nanometer and wider gaps, where electron transport is
primarily governed by over-the-barrier transitions [63,70],
here we explore the regime of PAT by further reducing the
gap size, or lowering the barrier with an applied bias. In this
regime, we can clearly identify PAT channels corresponding
to one-, two-, and higher-order photon absorption processes,
in full agreement with recent experiments. We address the
evolution of the tunneling mechanisms with optical-field in-
tensity of single-cycle and longer optical pulses, covering
situations extending from photon-driven to field-driven trans-
port. Importantly, once the free-electron description of the
metal junction is set in the ground state by the choice of
the Wigner-Seitz radius and the work function, no additional
parameters are used in the theory.

To provide an analytical framework for interpretation of
the TDDFT results, we extend the strong-field theory (SFT)
developed in previous work [63,64,67] by incorporating a
static bias. In addition, we perform model calculations based
on a one-active-electron description of optically induced elec-
tron transport. By comparing parameter-free, self-consistent,
many-body TDDFT results with experimental data, and by
using additional insights from semianalytical and numerical
model approaches, we are able to discuss the underlying phys-
ical mechanisms. We believe that this study contributes to a
deeper understanding of ultrafast optically induced tunneling,
the process of interest for USTM and optoelectronic applica-
tions.

The paper is organized as follows. SectionI provides an
introduction. SectionII describes the theoretical methods used
in this work. SectionIII presents and discusses the results for
both single-cycle and longer optical pulses, with a focus on
the underlying intrinsic electron dynamics. SectionIV com-
pares the theoretical findings with recent experimental data
and discusses several observed phenomena in detail. Finally,
Sec.V summarizes the main conclusions of the work.

Atomic units (a.u.) are used below in this paper unless
otherwise stated. However, to underline that the change in
electron energy results from the (multi)photon absorption, in
the figures we nonetheless keep the ¯hω notation for electron
excitation energies (¯h = 1 in atomic units). The electron ener-
gies are measured with respect to the vacuum level of the left
lead.

x

dgap

y

Ex

R

+-

FIG. 2. Sketch of the studied system. Cross section (x, y) of a
dimer of two identical parallel cylindrical nanowires (nanowire ra-
diusR = 5 nm) infinite along thez axis. The nanowires are separated
by a narrow gap of widthdgap in the (sub-)nm range. The middle
of the gap is located at (x = 0, y = 0). An x-polarized optical pulse
is incident on the nanowires along they axis leading to optically
induced electron transport across the gap. The inset shows thex
component of the time-dependent electric field of the single-cycle
pulse with CEP= 0.

II. MODEL SYSTEM AND METHODS

Below, we describe the theoretical methods used in this
work to address optically induced electron tunneling and elec-
tron transport in narrow junctions between metal surfaces.
Readers primarily interested in the results and their compari-
son with experiment, presented in Secs.III and IV, may wish
to consult the beginning of Sec.II A , which introduces the
system under study (see Fig.2), and then proceed directly to
Sec.II F. The latter provides a concise comparative overview
of these methods and clarifies their respective contributions to
this study.

A. TDDFT

While many-body approaches (including TDDFT) with a
fully atomistic description of the leads have been reported
in the context of lightwave-driven tunneling [7,71–73], their
high computational cost explains the small size of the systems
treated (far from experimental geometries) and the limited
number of the phenomena considered so far. These works
mainly focused on the optical-field emission regime and
carrier envelope phase (CEP) dependence of the electron
transport. An identification of the PAT channels associated
with � photon absorption and a study of their evolution with
optical-field strength, gap width, and applied bias have not
been performed. Being at the focus of current experimental
interest [5,9,40–42,49,74,75] these aspects can be addressed
using TDDFT for the electron density dynamics and a free-
electron (jellium) model of the metal. The simplification of
the metal description allows one to address relatively large
nanoobjects relevant for actual experiments. Thus, finite-size
effects as they appear, e.g., in the earlier one-dimensional (1D)
study based on the configuration interaction singles method
[69] can be avoided. While lacking the atomistic structure of
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the metal-vacuum interface andd-band electron excitations in
noble metals, the jellium TDDFT correctly captures the va-
lence electron dynamics triggered by the optical pulses. This
simple yet representative approach has been shown to pre-
dict and to semiquantitatively describe experimental findings
on the optical response of plasmonic structures with narrow
gaps or on electron photoemission in strong-field nanooptics
[21,51,57,70,76,77].

The method employed here has been detailed in a number
of publications [63,70,78]. We consider a system schemat-
ically shown in Fig. 2. Two identical parallel cylindrical
nanowires of radiusR are infinite along thez axis and sep-
arated by a narrow junction of widthdgap. We useR = 5 nm,
which allows us to retrieve the geometry of the junction
formed by bowtie antennas as studied in a number of experi-
mental works devoted to photoemission and electron transport
across nanoantenna gaps [5,58,61,70,79,80]. The electronic
structure of the nanowires is modeled using the free-electron
description within the stabilized jellium model [81]. The ions
at the lattice sites are not treated exactly, but represented with
a uniform positive background density. The density parameter
is given by the Wigner-Seitz radiusrs = 3.02 a0 typical for
silver and gold (a0 = 1 a.u.≈ 0.529 Å is the Bohr radius).

The valence electron dynamics is driven by an incidentx-
polarized optical pulse with electric field

E (t ) = E0 e−t2/τ 2
cos(ωt + ϕ). (2)

Here,ϕ is the CEP of the pulse, andτ is the pulse duration.
In Fig. 2, we showE (t ) for a single-cycle optical pulse with
ϕ = 0 andτ = 0.85T , whereT = 2π

ω
is the optical period.

To study the system evolution in time we employ the Kohn-
Sham (KS) scheme of TDDFT and the adiabatic local density
approximation (ALDA) [82] with the exchange–correlation
kernel of Gunnarsson and Lundqvist [83]. Retardation ef-
fects are neglected because of the small relevant size of the
system. The time-dependent electron densityn(r, t ) and the
time-dependent electron current densityj(r, t ) are sought as

n(r, t ) =
∑

k⊂occ

χk|�k (r, t )|2,
(3)

j(r, t ) =
∑

k⊂occ

χkIm[�∗
k (r, t )∇�k (r, t )],

wherer = (x, y), and the system is invariant with respect to
translation along thez axis. The sum runs over the initially oc-
cupied KS orbitals�k (r, t ), the statistical factorχk accounts
for the± 1

2 electron spin degeneracy and the degeneracy asso-
ciated with motion along thez axis,Z∗ stands for the complex
conjugate of the complex numberZ, and Im[Z] stands for the
imaginary part ofZ.

The time evolution of the KS orbitals is given by the time-
dependent KS equations

i∂t�k (r, t ) = (− 1
2∇2 + V (r, t ) + Vopt(x, t )

)
�k (r, t ). (4)

The potential of the optical pulse isVopt(x, t ) = x E (t ). The
self-consistent TDDFT potentialV (r, t ) is given by the sum
of several contributions

V (r, t ) = VH(r, t ) + VXC(r, t ) + vstab(r). (5)

Here, the Hartree potentialVH and the exchange-correlation
potential VXC depend on time through the time-dependent
electron density. The time-independent stabilization potential
vstab(r) allows to fix the desired value of the work function


of the nanowires.
The KS orbitals�k (r, t ) are represented on an equidistant

mesh in (x, y) coordinates with a typical mesh step ofhx =
hy = 0.8 a0. Equation (4) is then solved using the Fourier-
grid technique [84] and short-time split-operator propagation
[85] (typical time step�t = 0.125 a.u.) as detailed elsewhere
[63,70,78]. The initial conditions for the time propagation
�k (r, t → −∞) are given by the occupied KS orbitals of the
ground-state (gs) systemψk,gs(r), calculated from the density-
functional theory (DFT) [86] as(− 1

2∇2 + Vgs(r)
)
ψk,gs(r) = Ekψk,gs(r). (6)

The same exchange-correlation kernel, and stabilization po-
tentials as in TDDFT are used so thatVgs(r) = V (r, t →
−∞). The energies of the occupied orbitals satisfyEk � EF .

From the calculated electron current densityj(r, t ) we ob-
tain the net electron transferN per optical pulse and per nm
length of the nanowire dimer. It is given by the time integral
of the total current through the (x = 0, y, z) plane located at
the middle of the junction

N =
∫

dt
∫

dy êx · j(x = 0, y, t ) × nm

a0
, (7)

where êx is the unit length vector in the positive direction
of the x axis. The last term accounts for the unit conversion.
With this definition,N is positive (negative) when electrons
are transferred in the positive (negative) direction of the dimer
axis (x axis).

In addition to the case where the net electron transfer is
only possible due to the dimer symmetry break by the optical
field of a single-cycle laser pulse, we also investigate the role
of an applied dc bias. The dc bias breaks the symmetry of the
dimer and enables the net optically induced electron transfer
even for longer optical pulses. Accordingly, in addition to the
optical pulse given by Eq. (2), the dimer is subjected to a
slowly varying external THz field directed along the negative
x axis. In Eq. (4) this is implemented by replacingVopt(x, t )
with Vopt(x, t ) + VTHz(x, t ), where the potential owing to the
THz field, VTHz(x, t ), is slowly switched on from zero to a
constant value reached at timet−, prior to the arrival of the
optical pulse. The resulting effective dc biasU is defined as
the difference between the self-consistent potentials inside the
left and right cylinders att = t−. Further details are given in
AppendixA.

When only the THz pulse is present and no optical field is
applied, fort > t− the system reaches the steady state where
the effective dc biasU leads to a small (in our conditions)
tunneling electron current densityjU (r, t ). When optical and
dc fields are acting on the system simultaneously, the electron
current densityj(r, t ) given by Eq. (3) includes the effect
of both. Since in this work are interested in the optically
induced electron transport, we therefore introduce the opti-
cally induced electron current density asjopt(r, t ) = j(r, t ) −
jU (r, t ), and we usejopt(r, t ) instead ofj(r, t ) in Eq. (7) to
obtain the optically induced net electron transferN . Note
that this correction is only essential to disentangle the� = 1
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electron tunneling channel, assisted by one-photon absorp-
tion at low optical-field strengths. In the multiphoton regime,
jU (r, t ) is negligible in our conditions.

To simplify control of the time-dependent electric field in
the gap via the incident pulse waveform, the present system is
designed so that the dipolar plasmon of the nanowire dimer is
off resonant with the incident optical pulse [63]. As a result,
the time-dependent electric field along the dimer axis at the
center of the narrow gap is free from the plasmon ringing
effects, and it can be approximated as

Egap(t ) = RE (t ) = Eg e−t2/τ 2
cos(ωt + ϕ), (8)

whereR is the field enhancement. To set the order of mag-
nitude,R ≈ 4 for dgap = 1 nm andR ≈ 3 for dgap = 2 nm,
within the range of other parameters (frequency, bias, metal
work function) encompassed in this work.

When relating our model system to experimentally acces-
sible devices, such as bowtie antennas or STM junctions, it
is important to note that the strongly nonlinear photoemis-
sion processes in those systems are primarily governed by
the gap region, where the electric field enhancement is the
strongest. In addition, PAT is highly sensitive to the height
and width of the potential barrier, both of which are mini-
mized along the shortest path between metal leads (thex-axis
in our geometry). One thus can conclude that the electron
transfer between nanowires owing both to the tunneling and
photoemission is determined by the current flowing through
the junction [63,70]. This observation has two important im-
plications. First, as discussed in our earlier work [63], the field
amplitudeEg = RE0 is the relevant parameter to characterize
the lightwave-induced electron transfer, which we will refer
to throughout this paper. Second, the parallel nanowire con-
figuration addressed here is representative for understanding
ultrafast electron dynamics in more complex nanostructures.
In particular, the TDDFT results obtained here are relevant to
narrow-gap bowtie antennas [5,70,79] and to optically driven
STM junctions [5,40–42,49], which constitute one of the main
motivations for this work.

B. One-active-electron approach

In addition to the many-body TDDFT calculations, we
also use a simplified one-dimensional model based on the
single-active-electron approximation, as often employed to
analyze multiphoton and optical-field emission regimes in the
context of electron emission from nanotips or transfer across
metallic gaps [8,30,31,49,56,58,60,64,67,69,87]. Despite its
simplicity, where often (but not always [68,88,89]) the entire
valence band is represented by a single orbital, andad hoc
screening of the optical field is imposed, the method allows
one to grasp the qualitative physical effects involved in the
transport process with minimal computational cost. It also
provides direct access to intuitive information such as the
single-particle dynamics, which is masked in fully many-body
TDDFT simulations.

The method, referred to here as wave-packet propagation
(WPP) approach, is based on the solution of the one-
electron time-dependent Schrödinger equation (TDSE) for an
electron active in the lightwave-induced transport through
the junction between the two one-dimensional potential wells

representing the metallic leads. A detailed description of this
technique can be found elsewhere [63]. In brief, the wave
function ψ (x, t ) of an electron “active” in optically induced
transitions and initially occupying the Fermi level of one of
the leads evolves in time according to

i∂tψ (x, t ) =
(

−1

2

∂2

∂x2
+ Vm(x) + Ṽopt(x, t )

)
ψ (x, t ), (9)

whereVm(x) is the model potential describing the electron-
metal interaction, and̃Vopt(x, t ) is the model potential of the
optical pulse. We use a tilde notation to distinguish between
the model potential in 1D WPP calculations and that in
TDDFT. Equation (9) is solved in real time using the Fourier-
grid technique [84] and short-time split-operator propagation
[85].

The model potential describing electron-metal interaction
Vm(x) is set using the classical electrostatic theory for an
electron moving in the vacuum gap between two metal sur-
faces [63,90]. This potential accounts for the effect of the
long-range polarization interaction by incorporating classical
image potentials created by the metal surfaces

Vm(x) = − vm(x1) − vm(x2) + θ (dgap− 2|x|)

× 1

4

∞∑
f =1

1

f dgap

[
x1

f dgap+ x1
+ x2

f dgap+ x2

]
, (10)

wherex1 = dgap/2 + x and x2 = dgap/2 − x are the electron
distances from classical image planes atxim = ∓dgap/2, and
θ (x) is the Heaviside step function. The free-electron model
potentialvm(x) proposed in Ref. [91] to describe the photoe-
mission from metals smoothly connects the image potential
tail −1/4(x − xim ) for an electron in vacuum above the metal
(x 
 xim) with a constant potential inside the metal (x � xim).
Obviously, this model is only applicable for sizes of the junc-
tion dgap such that the overlap between the electron densities
of the nanowires is small, as it is the case in this study.

The model potential of the optical pulseṼopt(x, t ) accounts
for the field screening inside the metal.

Ṽopt(x, t ) =
{

x Egap(t ), |x| � dgap

2 ,
dgap

2 sgn(x) Egap(t ), |x| >
dgap

2 .
(11)

The optical field inside the gap,Egap(t ), is given byEgap(t ) =
Eg e−t2/τ 2

cos(ωt + ϕ). Although similar in form to Eq. (8),
there is an important difference: in Eq. (8), Eg is calculated
self-consistently via TDDFT. It accounts for the incident and
induced field. Here, by contrast,Eg is introduced directly into
the WPP calculation as a free parameter.

If the biasU is applied across the junction, the static field
of the biasEbias = −U/dgap is added toEgap(t ) in Eq. (11).
In this situation, similar to the strategy used in TDDFT, we
calculate both the total probability current densityj(x, t ) and
the component induced solely by the optical fieldjopt(x, t ).
From jopt(x, t ), we obtain the electron transfer probability per
optical pulseP = ∫

jopt(x = 0, t )dt , which characterizes the
lightwave-driven transport in the system.

043108-5



MA, BABAZE, KRÜGER, AIZPURUA, AND BORISOV PHYSICAL REVIEW A113, 043108 (2026)

TABLE I. Differences between the metal work function
M and
work function
 to be used in the ALDA TDDFT in order to account
for the effect of the image charge potential in the gap.

dgap, nm 0.8 1 1.6 2 4 6 ∞

M − 
, eV 0.84 0.82 0.61 0.50 0.25 0.17 0

C. Consistency between TDDFT and WPP via choice
of the metal work function

As we discussed in Sec.II A , the present implementation
of TDDFT employs a local exchange–correlation potential.
This choice is dictated by numerical efficiency and it makes
it possible to address metallic nanowires of large radii. The
price to pay is that the ALDA fails to reproduce the long-range
polarization potential (image potential) felt by an electron
moving in vacuum in front of a metal surface [92,93]. The
electron-surface interaction is too short ranged, resulting in an
overestimation of the height of the tunneling barrier separating
metal surfaces.

In our earlier work [63], we demonstrated that this issue
can be alleviated to a large extent by a proper choice of the
stabilization potential [81], and thus of the work function
 of
the nanowires obtained from ground-state DFT calculations.
In practice, one requires that the height of the tunneling barrier
Wtb within DFT is the same as that between actual metals
obtained classically with account of the image potential (with
no bias is applied):

Wtb = 
M + Vm(x = 0)

= 
 + Vgs(x = 0, y = 0). (12)

Here,
M is the actual work function of the considered metal
(in this work, silver or gold),Vgs is the ground-state potential
calculated using DFT, andVm is the model potential given by
Eq. (10). In deriving Eq. (12), we consider that the maximum
of the tunneling barrier along the shortest path between metals
is attained at the middle (x = 0, y = 0) of the symmetric
junction. From Eq. (12) it follows that


 = 
M − [Vgs(x = 0, y = 0) − Vm(x = 0)]. (13)

The relation between
 and 
M is given in TableI for
the dgap values relevant for this work. It is worth noting that
the work function correction does not affect the qualitative as-
pects of the studied processes. It is important when comparing
TDDFT and WPP results (in WPP, the actual work function
value 
M is used), as well as when comparing theoretical
results with experimental data obtained for a specific metal.

We verified that once conditions for
 given by Eqs. (12)
and (13) are satisfied, the heights of the DFT and model tun-
neling barriers are also approximately equal when the dc bias
is applied. In this situation,Wtb obtained from the TDDFT is
defined as

Wtb = −
 − V TDDFT
max , (14)

whereV TDDFT
max is the maximum self-consistent potential in the

junction obtained att = t−, i.e., at constant THz field prior
to the arrival of the optical pulse [see Eqs. (A1) and (A2)].
As a final remark, the self-consistent potentialVgs(x, y = 0)

and the model potentialVm(x) within the gap are quite sim-
ilar along the dimer axis up to the energy offset given by
Vgs(x = 0, y = 0) − Vm(x = 0) [63] [see Eq. (13)].

D. Semiclassical strong-field theory (SFT)

Beyond the many-body self-consistent TDDFT and the
one-electron WPP approach introduced above, we also em-
ploy a strong-field theoretical model developed in earlier
works [64,67]. One of the prominent advantages of SFT is
its ability to provide a semiclassical description which offers
analytical insights into the photoemission and electron trans-
port processes. Like the WPP approach (Sec.II B), the SFT
model is based on the single-active-electron approximation
and focuses on the evolution of the wave function within the
junction between two metallic leads. By solving the TDSE in
Eq. (9), the tunneling amplitudeME for the electron transition
from an initial state in the left lead to the final state at energy
E in the right lead is expressed as

ME = i

2

∫ ∞

−∞

[
�gap(x, t )

∂

∂x
ψ∗(x, t )

− ψ∗(x, t )
∂

∂x
�gap(x, t )

]∣∣∣∣
x=dgap/2

x=−dgap/2

dt, (15)

whereψ∗(x, t ) and�gap(x, t ) are wave functions that evolve
inside the contact metal (right) and the junction, respectively.
The notation [. . . ]|x=dgap/2

x=−dgap/2 at the end of Eq. (15) stands for
the subtraction of the expression inside the brackets evaluated
at x = −dgap/2 from the expression evaluated atx = dgap/2.
This formulation captures the instantaneous projection of the
junction wave function onto the metallic lead region through-
out the time evolution. The transport from the right to the left
metal lead is evaluated using the same formula, but the signs
of both the optical field and the spatial coordinate must be
reversed.

Here, we only focus on the transfer of the electron initially
localized at the Fermi level of the left lead to the right lead.
Equation (15) provides only a formal solution to the TDSE.
To analytically derive the dynamical behavior of the system,
the wave functionsψ∗(x, t ) and�gap(x, t ) are approximated
using the eigenfunctions of the metal and the Van Vleck prop-
agator, respectively [64]. By applying the saddle-point method
[56,64], the electron transfer probabilityPL→R is obtained as

PL→R =
∑
E

|ME |2 ∝
∑
E

e−2Im[S(t2s,t1s)], (16)

where Im[S(t2s, t1s)] is the imaginary part of an action func-
tion S(t2s, t1s) taken at the stationary pointst1s (t2s) of the
emission (transmission) time. The action function is given by

S(t2s, t1s) = Et2s + p̃2

2
(t2s − t1s) −

∫ t2s

t1s

A2
opt(t

′)

2
dt ′

−
∫ t2s

t1s

Vm[x(t ′)] dt ′ − EFt1s, (17)

whereE is the final energy of the transported electron at the
transmission timet2s, EF is the initial energy (Fermi energy)
at the emission timet1s, Aopt(t ) = − ∫ t [Egap(t ′) + Ebias]dt ′ is
the vector potential of the combined enhanced optical field

043108-6



ULTRAFAST OPTICALLY INDUCED TUNNELING IN … PHYSICAL REVIEW A 113, 043108 (2026)

and static bias, and ˜p = − ∫ t2s
t1s

Aopt(t ′ ) dt ′ +dgap

t2s−t1s
is the canonical

momentum of the transported electron driven by the field.
As a consequence of the saddle-point technique, the times
t1s and t2s are not real-valued physical times but complex
values obtained by solving the following three saddle-point
equations: [

p̃ + Aopt(t1s)
]2

2
+ V m = EF , (18)∫ t2s

t1s

[ p̃ + Aopt(t
′)] dt ′ = dgap, (19)

[
p̃ + Aopt(t2s)

]2

2
+ V m = E, (20)

whereV m = (dgap)−1
∫ dgap/2
−dgap/2 Vm(x) dx is the average image

potential.
The three saddle-point equations above provide a three-

step description of electron transport in the nanojunction:
(1) Emission: The bound electron is freed from the parent

lead by the external field. Equation (18) describes the energy
conservation at this instant. The image potential lowers the
junction barrier.

(2) Propagation: The freed electron is accelerated by the
driving field, while moving across the nanojunction [Eq. (19)].
The force from the image potential is neglected due to its weak
effect in this step.

(3) Transmission: The energy gained in the second step is
carried by the electron transferred to the opposite metallic lead
[Eq. (20)].

It should be stressed that the initial energy is negative,
leading to complex values oft1s, p̃, and t2s. The imaginary
part of the emission timet1s corresponds to purely quantum
processes, such as photon absorption and tunneling through
the barrier, which are not allowed in the classical dynamics.
In contrast, the imaginary component of the arrival timet2s

is usually related to amplitude attenuation of the transported
wave-function component [64,67].

E. Effect of an applied bias within SFT

Here we extend the SFT to the scenario where a dc bias
field with strengthEbias = |U |/dgap is present. As demon-
strated in Ref. [64], the saddle-point equations (18)–(20)
allow for two types of solutions characterized by different
imaginary-time durations. These are given by

Im[tL] = Eg

√
1 + γ 2

Ebias+ Eg

√
1 + γ 2

ln(γ +
√

1 + γ 2)

ω
(21)

and

Im[τL ] = Im

[
2dgap√

2(E − V m) + i
√

2W tb

]
, (22)

whereE is the final electron energy in the right metallic lead,
E − V m is the effective final energy, and

W tb = V m − EF (23)

is the effective height of the tunneling barrier defined within
SFT from the average image potential in the junction.

Using EF = −
M, in the conditions of our studyW tb ≈
Wtb, where Wtb is defined with Eq. (12). The Keldysh
parameter [94] is γ =

√
W tb/2Up with the ponderomotive

energyUp = [Eg/2ω]2. Notice that because of the tunneling,
this definition of the Keldysh parameter is different from
the conventional oneγ = √

EB/2Up used to distinguish be-
tween photon-assisted (γ 
 1) or optical-field-assisted (γ �
1) regimes of photoemission [8,30,66,95]. In the conventional
definition,EB is the electron binding energy, which is given,
e.g., by the ionization potential in atomic physics or by the
work function
M = −EF in the case of photoemission from
a metal. For a large gap size, the contribution of the electron-
metal interaction to the tunneling barrier can be neglected, and
the two definitions ofγ therefore become equivalent. In the
situations relevant for this study, values ofγ obtained using

M, 
 (see Sec.II C), or usingW tb differ by less than 15%,
so that any of them is appropriate for the qualitative purpose
of distinction between electron transport regimes.

The two imaginary-time durations given by Eqs. (21) and
(22) correspond to distinct types of photoemission processes.
The time Im[tL ] of Eq. (21) describes the transition of an elec-
tron from a bound state to a laser-driven state (Volkov state).
In contrast, Im[τL ] of Eq. (22) corresponds to the excitation
of a bound electron to an excited eigenstate located under the
potential barrier [64]. To distinguish these two regimes, we
compare the time Im[tL ] with the extremal value of Im[τL ]
(Im[τe] = 2dgap/

√
2W tb), and define a parameterζ as

ζ = Im[tL ]

Im[τe]
. (24)

Parametersγ and ζ allow one to characterize the different
regimes of electron transport in a metallic gap, as we sketch
in Fig. 3 and describe below (for detailed derivations see
AppendixB).

(1) For a weak optical field whereζ � 1 [Fig. 3(a)],
the imaginary time Im[τL ] of Eq. (22) becomes dominant.
By substituting this solution into the saddle-point equa-
tions we obtain the action functionS(t2s, t1s). UsingS(t2s, t1s)
in Eq. (16), we obtain the following key results (cf. Ref. [64]).
For low biasU � W tb,

PL→R ∝ exp
[−2

√
2W tb − (nω + U ) dgap

]
, (25)

which describes the Wentzel-Kramers-Brillouin (WKB) type
tunneling of an excited electron through the potential barrier
of a junction in the presence of an applied biasU . In this
perturbative regime PAT is dominated by the low� chan-
nels [see Eq. (1)]. Consistently, the effective photon order
n = Egdgap/ω is small. It tends to zero forEg → 0 where only
an applied bias drives the tunneling. Indeed,PL→R expressed
with Eq. (25) includes both electron transport owing to the
applied dc bias and optically induced transitions.

For high biasU > W tb, the electron transfer probability is
given by

PL→R ∝ exp

[
−2(2W tb − nω)

3
2

3Ebias

]
. (26)

Equation (26) describes the tunneling of an excited electron
through a strongly suppressed triangular potential barrier,
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FIG. 3. Sketch of the electron transport described by the SFT. (a) When the parameterζ > 1, the electron is excited by absorbing a few
photons and then tunnels through the junction. In this perturbative regime of PAT, the contribution of the�th channel to the transport decreases
with � asE2�

g [see Eq. (1)]. The photon-assisted channels do not exceed the barrier threshold so that we observe solely the PAT. (b) Whenζ < 1
but γ 
 1, electron transport occurs in the multiphoton regime. The electron can absorb sufficient energy to be excited over the barrier and
into a Volkov state (above-threshold ionization, ATI). The effective photon absorption reaches the barrier threshold. Although under-the-barrier
PAT still occurs, it is not the dominant transport mechanism. (c) Whenζ < 1 andγ � 1, the potential barrier is adiabatically suppressed by
the field, allowing the electron to efficiently tunnel through the junction.

analogous to photon-assisted Fowler-Nordheim tunneling.
The effective photon ordern = Egdgap/ω is given by the same
expression as for the low bias case.

Equations (25) and (26) are obtained for an optical field
acting as small perturbation. WhenEg increases such thatζ <

1, the imaginary time Im[tL ] becomes dominant so that the
transition of an electron from a bound state to a laser-driven
state (Volkov state) determines the optically induced transport
across the gap [Figs.3(b) and 3(c)]. In this situation, the
Keldysh parameterγ allows for distinguishing between the
multiphoton absorption and optical-field emission regimes.

(2) ζ < 1, γ 
 1. In this regime, the electron can be
directly excited from the bound state to a Volkov state via
multiphoton absorption [see Fig.3(b)]. The electron transfer
probability is given by

PL→R ∝ (2γ )−2n, (27)

where an effective number of absorbed photons

n =
[

ω
√

2W tb

Ebias+ ω
√

2W tb

]
W tb

ω
. (28)

For transitions over the tunneling barrier one expectsn =
W tb/ω. However, the presence of a bias modifies the effective
tunneling barrier by a factor given in square brackets. For
higher-order corrections inEbias, see Eq. (B9) of AppendixB.

(3) ζ < 1, γ � 1. In this regime, both the optical field and
the static bias adiabatically suppress the junction barrier, en-
abling tunneling [Fig.3(c)]. The electron transfer probability
follows a Fowler-Nordheim tunneling expression:

PL→R ∝ exp

[
− 2(2W tb)

3
2

3(Ebias+ Eg)

]
. (29)

The key difference between Eqs. (29) and (26) lies in the role
of the fields. The former describes electron transfer driven by
an adiabatically strong optical field and a weak static bias,
while the latter describes the regime where the static bias is
strong and the optical field acts as a perturbation.

We have shown previously [64] that in the regime where
the optical field is strong enough so thatζ < 1, the photoemis-
sion exhibits a cutoff energy determined by the work function
and the parameterζ :

Ecutoff = W tb

ζ
+ EF . (30)

The cutoff energy expression given by Eq. (30) allows for
a physically transparent interpretation of the parameterζ

asζ = W tb/(Ecutoff − EF ), and provides a valuable criterion
for analyzing photon absorption channels, as explored in the
following sections. Indeed, the energy differenceEcutoff − EF

represents the maximum energy transfer from the optical field,
while the effective barrier heightW tb represents the static
binding potential. Thus,ζ < 1 admits over-the-barrier, classi-
cally allowed transitions with final electron energies above the
junction barrier. This is whileζ > 1 corresponds to the regime
where electrons with energies below the barrierEcutoff − EF <

W tb tunnel across the junction.

F. Short summary of the theoretical approaches

Given the variety of theoretical tools employed, we find it
useful to provide in TableII their brief summary. The main
difference between the methods consists in how the electron
dynamics is treated: either as that of a many-body system
accounting for the entire valence band, or as that of a sin-
gle electron initially at the Fermi energy. Consequently, the
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TABLE II. Summary of the theoretical approaches used in this work.

Theoretical Formalism Electron-metal Image Optical field Information
approach and method interaction potential and applied bias provided

Numerical Self-consistent. Self-consistent. Quantitative: (1) electron density
Many-body solution of the 2D free-electron accounts for the dynamics (currents, transport); (2) role

TDDFT time-dependent metal (FEM) No screening of various parameters (pulse waveform,
Kohn-Sham Junction of the field enhancement geometry, bias) in electron transport;
equations nanowire dimer (plasmon) (3) comparison with experiment

Numerical Model Qualitative. Used along with TDDFT:
One-active- solution of the 1D FEM Model. Field (1) analysis of the symmetry constraints

electron time-dependent Junction Model is set to zero to observe the one-photon channel of PAT;
WPP Schrödinger between flat inside metal (2) electron final-state spectroscopy

equation metal surfaces. revealing�-photon channels of PAT.

Analytical Model Analytical. Analysis of three transport
One-active- approach 1D FEM Model. Field regimes in TDDFT results:

electron based on the Junction Model is set to zero (1) multiphoton perturbative PAT;
SFT semiclassical between flat inside metal (2) multiphoton PAT+ATI;

propagator metal surfaces. (3) optical-field emission.

potentials describing electron-metal and electron-field inter-
actions are either obtained self-consistently or introduced as
model potentials. In the former case, the many-body aspects
such as field screening and plasmon excitations are naturally
included. (Note that under conditions considered in our work,
the plasmon is off resonant with the optical pulse and remains
unexcited, hence the parenthesis in TableII .) In model po-
tentials these effects are introducedad hoc, using additional
arguments or calculations. Model potentials, however, allow
one to account for long-range polarization interactions (the
image potential) acting on an electron in front of a metal
surface and reducing the tunneling barrier of the junction. The
present TDDFT implementation requires a correction to the
metal work function to include this effect (TableI).

The main reason for using different approaches is as
follows. TDDFT enables self-consistent, quantitative calcu-
lations of optically induced electron transport in metallic
gaps, allowing direct comparison with experiment without ad-
justable parameters. Simple models, on the other hand, permit
controlled variation of system parameters and facilitate the
analysis of one-electron dynamics, thereby providing valuable
information about the studied processes. Analytical theories
are particularly useful for establishing general trends and the
conditions under which those trends can be observed. Thus,
while the main results presented below are obtained with
quantitative many-body TDDFT, the simplified numerical
(WPP) and analytical (SFT) methods provide complementary
insights and are essential for a general understanding of the
underlying physics.

III. ELECTRON TRANSPORT INDUCED
BY AN OPTICAL PULSE

In this section, we consider electron transport induced
by an optical pulse across the (sub)nanometric junction.
The electric field profile of the pulse is given by Eq. (2).
Unless otherwise stated, the pulse frequency isω = 0.95 eV,
and τ = 0.85× 2π/ω corresponds to a single-cycle optical
pulse with a duration of 5.2 fs (intensity full width at

half-maximum). The choice of the frequency and envelope
of the optical pulse allows for connecting current results
with earlier theoretical and experimental studies of electron
transport in symmetric 1-nm and 2-nm gaps [63] as well as
wider 6-nm gaps [70]. The work function of the metal
M is
set within the range 5–5.5 eV as reported for gold and used
to describe multiphoton and optical-field emission from gold
surfaces [5,76,96–98].

A. Symmetric system

We start our discussion with results obtained in the ab-
sence of an applied bias. Because of the symmetric geometry
of the metallic gap, the net electron transfer results solely
from the symmetry break induced by the optical field. We
then obtain the well-documented sinusoidal dependence of
the net electron transport on the CEP, as observed for broad
vacuum gaps [8,32,99], in STM junctions [49,100], and in
our recent calculations for 1-nm and 2-nm gaps [63] (see
also [67]). We therefore do not show these results here. We
focus our study on identifying and discussing signatures of
PAT. To this end, we present results calculated for CEP= π

and CEP= 0, which lie approximately at the extrema of net
electron transport in the positive and negativex directions,
respectively. Notably, in addition to the discussion of PAT,
these data allow for an estimate of the oscillation amplitude
in the CEP dependence of the net electron transport.

In Fig. 4(a) we analyze the net electron transferN cal-
culated with TDDFT for gap sizesdgap = 0.8, 1, and 2 nm.
The CEP= π of the single-cycle optical pulse is such that the
maximumN is reached in the positive direction of the dimerx
axis [63]. In the inset of Fig.4(a)we show the time evolution
of the corresponding electric field of the pulse. Obviously, the
sign ofN is reversed for CEP= 0. The TDDFT results for

M = 5 eV are shown as a function of the amplitude of the
field in the gapEg (lowerx-axis) and of the Keldysh parameter
defined asγ = √


/2Up.
For the 2-nm-wide junctions the potential barrier is too

broad to allow for notable electron tunneling. Within the stud-
ied range of the optical fields the electron transfer between
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FIG. 4. Electron transfer induced by ax-polarized single-cycle optical pulse (ω = 0.95 eV, CEP= π ) across the gap of a nanowire dimer
with work function
M = 5 eV. The electric field of the pulse is shown in the inset of (a). (a) Electron transferN defined as the net number
of electrons transferred per pulse and per nm length of the dimer. TDDFT results (dots) calculated for a width of the gap of 0.8 nm (red),
1 nm (blue), and 2 nm (black) are shown as a function of the electric field in the gapEg and of the Keldysh parameterγ . The lines of the
corresponding color display the fit by theN ∝ E2n

g dependence characteristic for the multiphoton regime. The effective number of photonsn
is given in the legend. The vertical red bar marks the regime transition atζ = 1 for the 0.8-nm gap. (b) Self-consistent ground-state potential
Vgs(x, y = 0) in the gap region as a function of thex coordinate along the dimer axis. Results are shown for a gap of the width of 0.8 nm (red)
and 1 nm (blue). The energy is measured with respect to the vacuum level.EF = −
 is the Fermi level energy corresponding to the effective
work function
 = 4.2 eV used in the TDDFT (see TableI). Dashed arrows indicate electron tunneling and over-the-barrier transitions induced
by �-photon absorption. The latter is indicated with vertical arrows. The� = 1 tunneling channel is not observed in TDDFT results in (a).

the nanowires is then dominated by classically allowed over-
the-barrier transitions where then-photon absorption leads to
photoexcited electron energies above the potential barrier of
the junction, similar to that discussed earlier [63,70]. Indeed,
fitting the optically induced net electron transferN with
N ∝ E2n

g dependence, we obtain in Fig.4(a) that in the mul-
tiphoton regime the effective number of photons absorbed
by transferred electron (the photon order) isn = 4.5. This
roughly corresponds to
/ω. At large field strength (γ � 1),
a smaller nonlinearity ofN (Eg) (reduced slope) reflects the
onset of the optical-field emission. For the 1-nm junction we
obtainn = 3.55. In this situation, the potential barrier of the
junction is lower and narrower and, as a consequence, the
electron transfer involves both over-the-barrier transitions re-
quiring at least four-photon absorption, and under-the-barrier
tunneling transitions, dominated by three-photon absorption
[see Fig.4(b)]. A smaller number of absorbed photons (lower
electron excitation energy, higher tunneling barrier) implies a
too small tunneling exponent. The above analysis is supported
by the TDDFT and model studies in Ref. [63], where the
lightwave-induced transport in 1-nm and 2-nm junctions was
addressed, albeit for somewhat different work function
.

To clearly identify the contribution of PAT to electron
transport, the TDDFT results should reveal a change of the
leading electron transport channel(s) when varyingEg. In-
deed, consider the perturbative regime shown in Fig.3(a). As
follows from Eq. (1), the probability of absorbing� photons
scales as∝ E2�

g . Obviously, for a very smallEg the lowest�
transport channel allowed by the symmetry (see below) will
dominate. Increasing field strength in the gap leads to the

involvement of higher-� channels [64] for which the tunneling
probability is higher. One might expect that the transition
between dominant� channels should then appear as a change
of the slope in the log-log plot ofN (Eg) [5,40,41]. Moreover,
as follows from the semiclassical theory in Sec.II E, above
certainEg the tunneling regime of electron transport evolves
into a regime dominated by over-the-barrier transitions. This
change of the transport regime operates for parameterζ = 1
[see Eq. (24)], and it should also be evidenced by a change of
the photon ordern.

However, within the studied range ofEg, the TDDFT re-
sults fordgap = 1 nm anddgap = 2 nm feature linear log-log
plot of N (Eg) with constant slope (except for the onset of the
optically assisted tunneling). This can be explained by our
semiclassical theory outlined in Secs.II D and II E. The ζ -
parameter valuesζ < 1 do not allow reaching the perturbative
regime of tunneling for these gap sizes within the studied
range ofEg. The multiphoton regime of electron transport
is then operative with an onset of the optical-field emission
at Eg � 10 V/nm. As follows from Eqs. (27) and (28), and
in accord with TDDFT results, the photon ordern in this
situation is given by the threshold valuen = Wtb

ω
, where the

tunneling barrier heightWtb is defined with Eq. (12). Reach-
ing the perturbative regime atζ � 1 even withdgap = 1 nm
would require too low optical fields whereN is then too small
to be calculated with TDDFT.

To observe the change of the electron tunneling chan-
nels bringing the main contribution to PAT, one thus needs
a smaller size of the gap which allows for sufficient tun-
neling probability at high electron binding energies. This is
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confirmed in Fig.4(a) by the results obtained for a narrow
dgap = 0.8 nm gap where the change of the slope of theN (Eg)
dependence clearly appears close toEg ≈ 3.5 V/nm. The ef-
fective number of photons isn ≈ 2 at lowerEg. At higherEg it
is n ≈ 3, close to theWtb

ω
threshold. It is tempting to associate

the photon ordern with the leading electron transfer chan-
nel �Main where both two- and three-photon absorption are
associated with the tunneling transition. Indeed, the electron
energies of the� = 2 and� = 3 channels of PAT are below
the potential barrier separating the nanowires as sketched in
Fig. 4(b). In this respect, as we demonstrate below, the as-
signment of the leading electron transfer channel�Main from
effective photon ordern should be done with care. This is
because theN ∝ E2n

g dependence generally stems from the si-
multaneous contribution of several electron transfer channels
�. It is only at lowestEg values, in the perturbative regime, that
then � �Main link can be made. In this respect,n ≈ 3 involves
not only � = 3, but also higher� channels corresponding to
over the barrier transitions.

The evolution of the electron transport regime withEg

can be explained with the help of the SFT. For a junction
width of 0.8 nm, the field amplitudeEg = 3 V/nm results
for the present system inζ = 1. As discussed in Sec.II E,
the over-the-barrier electron excitation is not permitted within
the semiclassical theory for field strengths below this value.
In this situation, the electron transport can be described by
the perturbative multiphoton regime of PAT. ForEg above
this threshold, marked with a vertical red bar in Fig.4(a),
the over-the-barrier electron transport is possible. An
effective photon ordern quickly converges toW tb

ω
≈ Wtb

ω
,

where the effective heightW tb of the tunneling barrier intro-
duced in the semiclassical theory is defined with Eq. (23). The
observed change in the slope of theN (Eg) dependence near
ζ = 1 thus signals a shift in the underlying transport channels.

Noteworthy, the TDDFT results in Fig.4(a) do not show
electron transfer associated with one-photon absorption as
might be expected from the perturbative regime of PAT at
low Eg and as reported in recent experiments [5,41]. At this
point it is important to recall that a dc bias was applied
to the junction in experimental conditions. For a symmetric
junction at zero bias as considered here, the cw PAT theories
predict zero net electron transfer [consider Eq. (1) for U = 0].
The rectification becomes possible owing to the single-cycle
duration of the optical pulse, where the symmetry is broken
by the optical field itself. The absence of PAT associated
with one-photon absorption at lowEg can be then understood
using perturbation theory, rotating-wave approximation, and
the linear-response formalism as developed in AppendixC.
We demonstrate thatN is zero when driven by one-photon
absorption in a symmetric system. The nonzero net electron
transfer in the symmetric nanowire dimer requires at least a
second-order process associated with two-photon absorption
as we indeed observe in the TDDFT results.

This finding can be further illustrated with a one-
dimensional single-active-electron model WPP study. In
Fig. 5 we analyze the probabilityPL→R(ϕ) for an electron
initially located in the left metal lead to be transferred across
the dgap = 0.8 nm junction. Results of the WPP calcula-
tions for the single-cycle optical pulse with CEPϕ = 0 (blue
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FIG. 5. Model 1D WPP study of electron transfer induced by
the x-polarized single-cycle optical pulse (ω = 0.95 eV, CEP= 0
and CEP= π ) across metal leads separated by a 0.8-nm gap. The
metal work function is
M = 5.0 eV. Initially, an electron occupies
an orbital at the Fermi energyEF in the left lead. The electric field
of the single-cycle pulse is given by Eq. (8). The probabilityPL→R

of electron transfer from the left to the right electrode across the
junction is shown with solid dots as a function of the field ampli-
tude in the gapEg. Blue dots:PL→R(0) obtained with CEP= 0.
Green dots:PL→R(π ) obtained with CEP= π . Red dots show the
differenceN = PL→R(π ) − PL→R(0) representing the net electron
transfer induced by the CEP= π single-cycle optical pulse between
the two leads. Lines: fit by theE2n

g dependence. The effective number
of photonsn is given in the legend. Clear changes ofn occur around
Eg = 3 V/nm (ζ = 1) marked by a vertical gray bar. The inset shows
the dependence of the model potential in the gap region on thex
coordinate. Energy zero corresponds to the vacuum level. For further
details see the text.

dots) andϕ = π (green dots) are shown as a function of the
amplitude of the optical field in the gapEg. As follows from
the fit of PL→R by the E2n

g dependence, clear changes ofn
occur aroundEg = 3 V/nm (ζ = 1), marked by a vertical
gray bar. The underlying change of the transport regime is
discussed in Sec.II E. At low Eg < 3 V/nm (ζ > 1), in the
perturbative regime of PAT, electron transfer across the junc-
tion is dominated by one-photon absorption (n = 1 reflects the
� = 1 channel of PAT). In this situation the effect of CEP is
very small, in full accord with predictions of the first-order
perturbation theory outlined in AppendixC. At high Eg > 3
V/nm (ζ < 1), below the onset of optical-field emission, non-
linearity increases (n ≈ 2.7) and the results start to notably
depend on CEP. This corresponds to the multiphoton regime
with electron transport owing to PAT plus over-the-barrier
transitions.

The net electron transferN (red dots) is given by
the difference of electron transfer probabilities from one
lead to the other. Using the symmetry of the system,
one can write N = PL→R(π ) − PR→L(π ) = PL→R(π ) −
PL→R(0). Since forEg < 3 V/nm the one-photon absorption
channels cancel each other, as explained above, the two-
photon absorption (n = 2) determines the net electron transfer
with N ∝ E4

g . This is followed by the transition to higher
nonlinearity withn = 2.7 for 3� Eg � 8 V/nm. Finally, upon
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FIG. 6. Effect of an applied bias on electron transfer induced by a single-cyclex-polarized optical pulse (ω = 0.95 eV, CEP= 0 and
CEP= π ), across a 1-nm-wide gap of a cylindrical nanowire dimer with work function
M = 5.4 eV. (a) Optically induced net electron
transferN calculated with TDDFT per pulse and per nm length of the dimer is shown as a function of the field in the gapEg. Color dots:
results obtained for different values of an applied dc biasU . Filled dots are used for CEP= π , and open dots of the same color are used for
CEP= 0 except forU = 0 where only the CEP= π result is shown. Lines: fit by theN ∝ E2n

g dependence characteristic for the multiphoton
regime. The effective number of photonsn is given in the legend. The vertical bars of the corresponding color mark the change of the transport
regime atζ = 1. For further details see the legend. (b) One-electron potential in the 1-nm-gap region as a function of thex coordinate along the
dimer axis. The energy is measured with respect to the vacuum level of the left cylinder. Black line: zero applied bias (U = 0); red line: applied
biasU = 3 V as measured between the Fermi level energies of the nanowires indicated withEF . The effective work function
 = 4.6 eV is
used in the TDDFT calculation (see TableI). The hatched areas indicate occupied electronic states of the valence band. Dashed horizontal
arrows indicate electron tunneling and over-the-barrier transitions induced by�-photon absorption. The latter is indicated with vertical arrows.
Light color is used for� = 4-photon absorption with electron energy close to the top of the potential barrier, dominating transport in theU = 0
case.

further increase ofEg, the optical-field emission regime sets
in, leading to lower nonlinearity. It is remarkable that the
simple one-state single-electron model calculations capture
the main trends of the calculated with TDDFT dependence
of the net electron transfer on the optical field [see Fig.4(a)].

B. Symmetry breaking by an applied bias

The� = 1 electron tunneling channel associated with one-
photon absorption emerges in the net electron transfer for
asymmetric systems. Such asymmetry occurs, e.g., in break
junctions or STM tip-to-flat-surface junctions [101–103], as
well as in junctions formed by different metals [104]. Symme-
try breaking can also be controllably introduced by applying a
dc bias across the junction [5,40,41]. For a dimer of identical
parallel nanowires, we adopt the latter strategy, which en-
ables direct comparison with recent experiments in tunneling
junctions [5,40,41]. Along with breaking the symmetry, the
applied bias in these experiments was used to vary the tunnel-
ing barrier and, consequently, the interplay between tunneling
channels with different�.

The effect of the applied biasU on the net electron trans-
fer N induced by the single-cycle optical pulse across the
1-nm-wide gap is shown in Fig.6(a). TDDFT calculations
were performed for different values of the optical-field am-
plitude in the gapEg. For zero bias and within theN range
addressed here, we obtain a multiphoton character of the net
electron transfer with an effective number of absorbed pho-
tons n = 3.9, close to
/ω. This indicates that overall, the
electron transport is dominated by photoexcited electrons with

energies close to the top of the potential barrier separating the
metals [see Fig.6(b)], in full agreement with the semiclassical
theory (parameterζ < 1). Note that the slightly larger work
function
M = 5.4 eV (also representative of gold) used here
explains the somewhat largern obtained forU = 0 when
compared with the results reported for the 1-nm gap in Fig.4.

The finite biasU applied across the gap reduces the po-
tential barrier of the junction so that the net electron transfer
increases. Moreover, the symmetry breaking introduced by
the applied bias enables the contribution of electron tunneling
assisted by one-photon absorption (� = 1 PAT channel) into
N . It follows from the TDDFT results in Fig.6(a) that the
one-photon absorption dominates forEg � 2.5 V/nm with
N ∝ E2n

g wheren ≈ 1.2. In agreement with the discussion
in Sec. III A , the CEP dependence tends to be washed out
in this situation. As predicted by the semiclassical theory
and sketched in Fig.3, with increasingEg we observe the
transition from the perturbative regime of PAT (ζ > 1) domi-
nated by the� = 1 channel to the multiphoton regime (ζ < 1,
PAT + ATI). The values ofEg corresponding to the parameter
ζ = 1, as introduced by our semiclassical theory, are marked
in Fig. 6(a)by vertical color bars. The applied bias enhances
the above-threshold ionization so that the transition shifts to
lower Eg with increasingU .

In the multiphoton regime of electron transport (Eg > 3
V/nm), we obtain that the effective number of absorbed pho-
tonsn is in the 2.5–3.4 range and it is approximately equal to
n ≈ Wtb/ω. Similar to the situation withU = 0, on average,
the transferred electron energies approach the threshold value
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determined by the height of the potential barrier of the junc-
tionWtb given by Eq. (14). The smallern calculated for larger
U reflects the reduction of the tunneling barrier by the applied
bias [see Fig.6(b)]. This result is fully consistent with the pre-
diction of the SFT [Eq. (28)], and it was also reported in model
calculations with simplified form of the potential barrier of
the junction [60,105]. It is worth noting that in TDDFT we
define the tunneling barrier height from the maximum of the
self-consistent potential in the junction including the dc field
owing to the applied bias [see Eq. (14)]. In the semiclassical
theory,W tb is determined by the average image potential [see
Eq. (23)]. The dc field owing to the applied bias is accounted
for via vector potential.

Notably, the TDDFT results reveal that only the transition
from the one-photon� = 1 to the multiphoton regime of elec-
tron transport aroundEg = 2.5 V/nm is well marked. In the
multiphoton regime, the contributions of individual transport
channels� cannot be resolved. With increasingEg, the effec-
tive photon ordern, extracted from the power-law dependence
of net electron transfer on the optical fieldN ∝ E2n

g , becomes
an averaged characteristic. It rapidly converges to the thresh-
old given by the height of the tunneling barrier in full accord
with Eq. (28) of the semiclassical theory.

The degeneracy of the results obtained with CEP= π and
CEP= 0 at lowEg, where one-photon absorption (� = 1 PAT
channel) dominates electron transport, is lifted in the multi-
photon regime atEg > 3 V/nm. Similar to the unbiased case,
the net electron transport between parallel nanowires in the
presence of a dc bias exhibits a sinusoidal dependence on
the CEP. However, as reported earlier [62,63], and therefore
not analyzed here, an applied bias leads to a vertical offset
N , such thatN ≈ N0 sin(ϕ − π/2) + N . For a positive bias,
for CEP= π , the optical and dc fields point in the same
(negative)x direction, maximizing the net positive electron
transport. For CEP= 0, the optical field is along the positive
x direction, while the dc field points in the opposite direction,
so that the net electron transport is close to minimum. The
difference between the results for CEP= π and CEP= 0
provides access to both the oscillation amplitudeN0 and the
offset N of the CEP-dependent transport. Notably, at the
lowest biasU = 1 eV, a strong optical field with CEP= 0 can
reverse the direction of the net electron transfer. This is mani-
fested in theN (Eg) dependence, which reaches a maximum at
Eg ≈ 9 V/nm and changes sign at higherEg (not shown in the
log-log scale plot used here). For larger values of the applied
bias, the net electron transfer is always from the left to the
right cylinder because of the positive offsetN induced byU .

The suppression of PAT associated with the� = 1 single-
photon channel with increasing gap size is illustrated in Fig.7.
The TDDFT calculations are performed for the 2-nm gap
using an optical pulse with CEP= π . The applied biasU is
set in such a way that the dc field in the junctionEbias is the
same as for the 1-nm gap discussed in Fig.6. Thus, the height
of the tunneling barrier is similar in both cases. However,
since the gap size increases from 1 nm to 2 nm the tunneling
barrier broadens. This favors the multiphoton transitions with
electron energies close to the threshold valueEF + �ω ≈ Wtb.
Small values ofEg are then required for the� = 1 channel to
be observed. Consequently, the corresponding values ofN
would be extremely small, and lie outside the convergence
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FIG. 7. Same as in Fig.6(a), but for a 2-nm-wide junction. Only
results obtained with CEP= π are presented.

range of the present implementation of the TDDFT. Thus,
the results in Fig.7 reflect only the multiphoton regime of
optically induced electron transport (ζ < 1 in the semiclassi-
cal SFT) with an effective photon ordern smaller for larger
applied bias because of the smaller potential barrier. The
suppression of below-the-barrier transitions also explains the
overall highern obtained for the 2-nm gap as compared to the
1-nm gap.

Additional insights into the interplay between electron tun-
neling channels associated with the absorption of different
number of photons� can be obtained from the analysis of the
energy spectra of the transferred electron for a given initial
state. To this end, we perform one-dimensional, one-electron
WPP calculations (see Sec.II B) of electron transfer across a
1-nm gap between semi-infinite jellium metal leads. A bias
U = 2 V is applied. The electron active in the optically as-
sisted transitions initially occupies the orbital at the Fermi
energyEF in the left lead. To clearly resolve sidebands associ-
ated with the absorption of different numbers of photons� in
the energy spectra of the transmitted electron, we increase the
optical pulse duration from 5.2 fs to 21 fs [τ = 3.4 × 2π/ω,
see Eq. (2)]. The WPP results are detailed in Fig.8. It is worth
noting that for a several-cycle pulse, such as that used here,
the electron transport does not depend on CEP.

In Fig. 8(a), we show the dependence of the optically
induced electron transfer on the amplitude of the optical field
in the gapEg. Notice that although the WPP calculations
address only the electron transfer from the left to the right
lead, the results in Fig.8 are representative of the net elec-
tron transfer. Indeed, forU = 2 eV the electron transfer in
the opposite direction (from the right lead to the left lead)
would require absorption of at least two additional photons
and is therefore essentially smaller under the present condi-
tions. Similar to the findings in Sec.III A , comparison of the
TDDFT results in Fig.6 with the WPP results in Fig.8(a)
shows that the one-dimensional single-active-electron model
reproduces the trends obtained in TDDFT calculations with
an applied bias. The WPP results are also consistent with an
analysis based on the semianalytical theory (see Ref. [64] and
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FIG. 8. Model 1D WPP study of the optically induced electron transfer between metal leads separated by a 1-nm vacuum gap. Metal work
function
M = 5.4 eV. A dc biasU = 2 V is applied across the gap. The electric field of the several-cycle optical pulse is given by Eq. (8) with
τ = 3.4 × 2π/ω, and CEP= π . (a) Probability of optically induced electron transfer (for this duration of the optical pulse it is independent
of CEP) as a function of the optical-field amplitude in the gapEg. Initially, the active electron occupies an orbital with Fermi energyEF in the
left lead. WPP results are shown with solid dots. The vertical bar marksζ = 1. The lines display the fit by theE2n

g dependence. The effective
number of photonsn is given in the legend. The inset shows thex-coordinate dependence of the model potential in the gap region. Energy zero
corresponds to the vacuum level of the left lead. (b) 2D maps of the normalized electron probability current densityjopt(x, t ) induced by an
optical pulse withEg = 1.2 V/nm (left subpanel), and withEg = 5 V/nm (right subpanel), as indicated in the legends. The WPP results are
shown as a function of thex coordinate (horizontal axis) and time (vertical axis). The color code is given in the inset of the left subpanel. The
line plot at the left shows the time evolution of the electric field in the gap. The shaded green region ofx coordinates indicates the junction.
The dashed lines mark the crests of the field in the gap with negative polarity. The inset of the right subpanel shows the 2D map ofjopt(x, t )
using largex scale. (c)–(e) Energy spectra of the electron transferred across the gap into the right lead calculated for differentEg as indicated
in the legends. Results are shown as a function of electron energyE measured with respect to the vacuum level of the left lead. In (e) results
for Eg = 10 V/nm are scaled by×0.05. The shaded green region indicates electron energies which are below the barrier of the junction, and
therefore correspond to tunneling transitions. For further details see the text.

Sec. II D). Specifically, at lowEg (ζ > 1), photon-assisted
electron transport is dominated by one-photon absorption
(n = 1.1), whereas forEg � 3 V/nm (ζ < 1) a higher non-
linearity characteristic for the multiphoton regime sets in. In
this regime, an effective number of absorbed photons quickly
converges ton = 2.5, close to the tunneling barrier threshold
Wtb/ω = 2.7, and remains essentially constant with increas-
ing Eg up to the onset of the optical-field emission.

In Fig. 8(b) we show the electron probability current den-
sity jopt(x, t ) induced by the optical pulse. The WPP results
reveal electron bursts emitted from the surface of the left
lead at the crests of the optical field with negative polarity.
These bursts traverse the junction (hatched green area) in less

than 1 fs, and are subsequently injected into the right lead.
Since the optical and dc fields are screened inside the metal,
the injected electron follows a straight-line trajectory after
crossing the metal-vacuum interface of the right lead. Under
the present conditions, the applied bias and narrow junction
impede the quiver motion that would reverse the direction of
electron propagation in the gap (see also Ref. [63]).

The stronger nonlinearity of electron transport with
electric-field strength in the gap or, equivalently, the larger
effective number of absorbed photons in the multiphoton
regime, results in a shorter time interval during which the
optical pulse drives the transport between the leads. This is ev-
idenced in Fig.8(b) by the reduced number of electron bursts
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emitted at the crests of the optical field and traversing the
junction forEg � 5 V/nm (multiphoton regime) compared to
the data obtained forEg � 1.2 V/nm (tunneling dominated by
one-photon absorption). Importantly, in all cases considered,
we find that the optically induced electron transfer dynamics
instantaneously follows the temporal variation of the optical
field. The probability current densityjopt(x, t ) in the gap
region is nonzero only while the optical pulse acts on the sys-
tem. This result is in full agreement with previous TDDFT and
one-electron studies of electron transport in metallic gaps and
photoemission from metal surfaces driven by single-cycle and
longer laser pulses [24,56–64]. It highlights the contribution
of a fast, one-step process in which electron excitation by the
laser pulse and transport across the gap cannot be separated in
time.

It is also worth noting that, because of optical-field screen-
ing inside the metal and electron momentum change at the
jellium surface, electron excitation occurs within the sur-
face layer (analogous to the Landau damping mechanism of
surface plasmons [46]). A fraction of the excited electrons
crosses the gap, leading to electron transport between the
leads. However, the majority remains within the “parent” left
lead, propagating from the surface into the bulk, as evidenced
by the inset of the right subpanel of Fig.8(b). In the TDDFT
calculations we obtain qualitatively similar trends. However,
because of contributions from both surfaces across the junc-
tion, and because of the overlap between current densities
associated with the electron transport and those arising from
polarization of the cylinders, the data are considerably more
difficult to analyze [63]. The relaxation of the nonequilibrium
carriers generated at the surface and propagating into the
bulk involves electron-electron and electron-phonon scatter-
ing events [20,44–46,106–108], which are not included in the
one-electron WPP calculations and lie beyond the ALDA-
TDDFT framework employed here [109–111].

Finally, in Figs.8(c)–8(e) we show the energy spectra of
the transferred electron given by the energy-resolved outgoing
electron probability current density in the asymptotic region
inside the right leadj(x → ∞, E ). Results are obtained for
different values of the optical field in the gap. The electron
energyE is measured with respect to the vacuum level of
the left lead. The spectra display peaks at energiesEF + �ω

corresponding to electron transfer assisted by absorption of
� photons. For optical fieldsEg � 1.4 V/nm [Fig. 8(c)], the
� = 0, 1, 2, 3 contributions are visible. Electron transfer oc-
curs primarily via tunneling with electron energies below the
potential barrier of the junction (the corresponding energy
range is indicated by the hatched green area in Figs.8(c)–8(e).
The intensity of the sidebands scales as∝ E2�

g with the� = 0
peak (dc tunneling) and the� = 1 peak (tunneling assisted
by one-photon absorption, i.e., the� = 1 channel of PAT)
dominating the spectrum. These results fully agree with WPP
results reported in Fig.8(a) for this range ofEg. Indeed, the
effective photon ordern = 1.1 obtained using fit byN ∝ E2n

g
dependence corresponds to the� = 1 channel leading the PAT.

The electron energy spectra in Fig.8(c) shed light on
why, in Fig. 8(a), the theoretical parameterζ = 1, indicat-
ing a change of the transport regime, appears at smallerEg

than the transition from lower (n = 1) to higher (n = 2.5)
nonlinearity in the simulatedN . Similar trends are observed

in Figs. 4(a), 5, and 6(a). According to the definition of
the cutoff energy in Eq. (30), the conditionζ = 1 (here at
Eg ∼ 1.4 V/nm) corresponds to the point whereEcutoff reaches
the barrier threshold, so that at higherEg electronic states
above the potential barrier can be populated. As shown in
Fig. 8(c), clear evidence of photon-assisted excitation above
the barrier emerges only whenEg > 1.4 V/nm. Because the
contribution of high-energy sidebands near the cutoff is sta-
tistically small, a larger field strength is required to increasen
and, in particular, to reverse the perturbative evolution of the
sideband weights with�.

This change in the� progression of the sidebands is clearly
observed in Fig.8(d) for 1.7 V/nm� Eg � 2.5 V/nm. The
sequence evolves from the decreasing perturbativeE2�

g trend
described by Eq. (1) to a reversed progression with dominance
of the three-photon absorption process (� = 3 channel of
PAT). The electron energies corresponding to the� = 1, 2, 3
PAT channels are below the top of the potential barrier, so that
the tunneling transitions continue to dominate the transport.
Note that within this range ofEg, the nonlinearity of the
N (Eg) dependence progressively increases. For higher fields
[Fig. 8(e)], the leading contributions to the energy spectrum
shift to the � = 4, 5 sidebands. ForEg � 5 V/nm electron
transport becomes dominated by classically allowed over-the-
barrier transitions. At the onset of the optical-field emission
regime (Eg = 10 V/nm), photon orders up to� = 12 can be
clearly observed, with electron energies reaching up to 7 eV
above the barrier [theoretical cutoff is 7.63 eV according to
Eq. (30)].

To summarize the results obtained in this section, TDDFT
calculations show, in agreement with semiclassical theory,
that establishing a one-to-one correspondence between the
dominant channel�Main of optically induced transport and the
effective photon ordern extracted from theN ∝ E2n

g depen-
dence must be done with care. Strictly speaking, assignment
is only possible in the limitEg → 0, wheren match the lowest
possible�. In this regime, one can resolve one-photon-assisted
tunneling (� = 1) for nonsymmetric junctions, and the two-
photon-assisted tunneling (� = 2) for symmetric junctions. In
the multiphoton regime of electron transport, the contributions
of higher-photon orders overlap. The transition between the
leading transport channels�Main with changingEg cannot be
resolved. The effective photon ordern then represents an av-
erage characteristic. With increasingEg, it quickly converges
to the threshold value set by the barrier heightn ≈ Wtb/ω.
This behavior contrasts with photoemission into vacuum, as
in the case of an individual surface or wide junction between
metals, where PAT with electron energies below the barrier is
suppressed. In this situation, theE2n

g dependence of electron
emission or transport over the entireEg range prior to the onset
of the optical-field emission, is determined byn ≈ 
M/ω

corresponding to the multiphoton photoemission threshold.

IV. COMPARISON WITH AVAILABLE
EXPERIMENTAL DATA

A number of recent experiments reported on the ef-
fect of an applied bias and of the strength of the optical
field on lightwave-driven electron tunneling in metallic junc-
tions [5,9,40–42,49,74,112,113]. In particular, the relative
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FIG. 9. Effect of an applied dc bias on electron transfer induced
by a 7-fs-longx-polarized optical pulse [τ = 4.2 fs, ω = 1.6 eV,
CEP= 0 and CEP= π in Eq. (2)] across a 1-nm-wide gap of a
nanowire dimer. The work function is
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induced net electron transferN calculated with TDDFT per pulse
and per nm length of the dimer as a function of the field in the
gapEg. The different colors indicate different values of the applied
dc biasU and CEP, as explained in the legend. Lines: fit by the
N ∝ E2n

g dependence. The effective number of photonsn is given
in the legend. The vertical bars of the corresponding color mark the
transport regime change atζ = 1.

contributions of tunneling channels involving single-photon
and multiphoton absorption have been examined [5,40,41].
The interpretation of these experiments typically involves
parametrization of the electron excitation and tunneling pro-
cesses. To gain clarity in the underlying physical mechanisms
it is thus of interest to examine the TDDFT results for experi-
mentally studied systems.

A. Gold bowtie antenna

The contributions of one-photon- and multiphoton-assisted
tunneling in the gap of a gold bowtie antenna were inves-
tigated by Luo and collaborators [5]. In their experiment,
electron transport across the gap was induced by 7-fs laser
pulses, resonant with the nanoantenna plasmon atω =
1.6 eV. The radii of the nanoantenna tips forming the gap
were estimated to be 5 nm. Since this matches the radii of
the metallic nanowires used in our calculations, a comparison
of the experimental data with TDDFT calculations becomes
particularly relevant.

In Fig.9 we show the net electron transferN across the gap
of a nanowire dimer calculated with TDDFT as a function of
the optical-field strength in the gapEg for different values of
the applied biasU . Following the discussion of experimental
results in Ref. [5], we consider a gap of 1 nm and a metal work
function 
M = 5.3 eV representative of gold. The incident
optical pulse is described by Eq. (2) with ω = 1.6 eV and
τ = 4.2 fs (corresponding to an intensity FWHM of 7 fs).
In contrast to the single-cycle optical pulse addressed in the
previous section, the several-cycle pulse used here results in
a negligible dependence ofN on CEP. This is illustrated in

Fig. 9 were calculations performed for an applied dc bias
U = 3 V are shown for CEP= π (red dots) and CEP= 0
(black dots).

Qualitatively, the results reported in Fig.9 are similar to
those discussed in Fig.6(a). For smallEg, optically induced
electron transport is dominated by single-photon absorption.
The multiphoton absorption prevails forEg � 1.5 V/nm. A
higher applied biasU lowers the potential barrier between
the nanowires so thatN becomes larger over the entireEg

range. For the same reason, in the multiphoton regime, the
effective number of photonsn driving the transport decreases
with increasingU . Note that the fundamental frequencyω =
1.6 eV corresponding to the experiment of Luoet al. [5] is
used here, whereas the results in Fig.6(a) are obtained with
ω = 0.95 eV. The difference in photon energy accounts for
the different effective photon ordersn obtained in the two
sets of results. In line with experimental findings [5], for an
applied bias ofU = 3 V we find the following:

(1) The optically assisted electron tunneling with� = 1
photon absorption at lowEg evolves into a multiphoton regime
with effective photon ordern = 2 asEg increases;

(2) No higher-order nonlinearityn > 2 is observed over a
wide range of optical-field strengths in the gap, up to the onset
of the optical-field emission regime, which occurs atEg ≈ 12
V/nm (not shown).

According to the SFT, TDDFT, and model WPP calcula-
tions performed in Sec.III (see Fig.8), the second finding
implies that while several� channels (photon absorption
orders) contribute to electron transport in the multiphoton
regime, the overall net electron transfer follows a scalingN ∝
E2n

g with n = 2. This effective number of photonsn is given
by the threshold for over-the-barrier transitionsn ≈ Wtb/ω.
It remains constant with increasingEg up to the onset of the
optical-field emission regime, in agreement with Eqs. (27)
and (28).

For an applied biasU = 3 V, a clear change of the effective
photon ordern from the one-photon to the multiphoton regime
occurs in the TDDFT calculations forEg ≈ 1 V/nm. In the
experiment [5], under the same bias, this transition is observed
for a free-space electric field of≈0.09 V/nm. The theory is
consistent with experiment when considering that the field
enhancement due to the plasmon excitation in the gap of the
actual device is of the order ofR = 10. This enhancement is
smaller than that predicted by classical electrodynamics sim-
ulations [5]. However, for 1-nm gaps, quantum effects such
as nonlocality become significant [114,115], so that classical
results should be taken with caution.

In the experiment, the transition between the two regimes
corresponds to a current of 20–30 pA, i.e., to approximately
two electrons transferred per pulse. Considering that the ex-
perimental device contains a parallel circuit of seven bowtie
antennas, each 30 nm in height, this translates to about 10−2

electrons transferred per pulse and per nanometer of antenna
height, approximately three orders of magnitude higher than
the TDDFT prediction. One of the reasons behind this dis-
crepancy is that, because of plasmon ringing, the effective
duration of the optical pulse in the gap of the experimental
antenna is about twice as long as that in free space [5]. This
effect is not captured in the TDDFT simulations because
of the use of a free-electron metal model and a simplified
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FIG. 10. Effect of the work function
, gap sizedgap, and applied biasU on the electron transfer induced by a 7-fs-longx-polarized optical
pulse [τ = 4.2 fs,ω = 1.6 eV in Eq. (2)] across the gap of a nanowire dimer. (a) Symbols show the net optically induced electron transferN
calculated with TDDFT per pulse and per nm length of the dimer as a function of the field in the gapEg. Calculations are performed for different
values of
, dgap, andU as explained in the legend. The lines display the fit by theN ∝ E2n

g dependence. The effective number of photonsn
is given in the legend. (b) One-electron potential in the gap region as a function ofx coordinate along the dimer axis. The energy is measured
with respect to the vacuum level of the left cylinder. Black dotted line:dgap = 1 nm,U = 0 V; red line:dgap = 1 nm,U = 3 V; violet line:
dgap = 2 nm,U = 6 V. The applied bias is measured between the Fermi levelsEF of the metal nanowires. The hatched areas indicate occupied
electronic states of the valence band. The dashed horizontal arrows indicate electron tunneling and over-the-barrier transitions induced by
�-photon absorption (vertical solid arrows). Light color is used for the� = 3-photon absorption with electron energy close to the top of the
potential barrier dominating transport in theU = 0 case.

geometry with the plasmon mode off resonance with the
optical frequency, as discussed in Sec.II . An approximate
account for plasmon ringing through scaling the calculated
net electron transferN by a factor of 2 does not change
the substantial difference between the experimental and our
theoretical results.

Along with the pulse duration, the discrepancy between
theory and experiment may also stem from differences in
the optical transitions of the free-electron metal used in the
present TDDFT calculations and of the actual gold studied
experimentally. In addition to possible band-structure effects,
there is also uncertainty in the geometry of the actual experi-
mental device, particularly in the gap size, as acknowledged
by Luo et al. [5], as well as in the work function of the
nanoantennas. These last two factors strongly affect the elec-
tron tunneling and, consequently, the net electron transfer.

In Fig. 10, we explicitly address the effect of gap size
and metal work function on electron transport in the system.
One can use TableI to relate the work function
 used in
the ALDA TDDFT and the actual work function
M of the
metals across the gap that the theory is designed to represent.
When the gap size changes from 1 nm to 2 nm at fixed
U and fixed
, the tunneling barrier becomes broader and
higher. Consequently, the effective photon ordern increases,
and the net electron transferN drops off by several orders
of magnitude, in particular at lowEg [compare filled red
circles and light blue triangles in Fig.10(a)]. The dropoff
of the tunneling probability is most pronounced for electrons
with high binding energies, rendering the� = 1 PAT channel
undetectable within the computedN range.

As an interesting observation, if a biasU = 6 V is applied
across the 2-nm gap, the dc field in the gap is identical to
that in the 1-nm gap under an applied bias ofU = 3 V. The
tunneling barrier then has the same height for both gap sizes.

However, for electrons withEF + ω energies, the width of the
tunneling barrier is larger fordgap = 2 nm [see Fig.10(b)]. As
a result, while in the multiphoton regime the effectiven = 2
is the same for both cases, the one-photon PAT channel at
low Eg is observed clearly only fordgap = 1 nm, while for
the 2-nm gap it becomes marginally distinguishable at very
low N [compare violet diamonds and filled red circles in
Fig. 10(a)].

Similarly to the pronounced effect of changing the gap size,
a reduction of the work function from
 = 4.5 eV to 4.1 eV
leads to an order of magnitude increase in the net electron
transfer [compare filled and open red circles in Fig.10(a)].
This brings our theoretical results closer to the experiment
[5]. Given experimental uncertainties, in particular concerning
essential parameters such as gap geometry and work function,
we consider that the qualitative agreement between theory
and experiment is sound. It is worth noting that since in the
multiphoton regime the nonlinearity of theN (Eg) dependence
is the same in theory and experiment (n = 2), the height of the
tunneling barrier should be captured reasonably well in our
calculations.

We close our comparison with the experiment by Luo
et al. [5] by showing in Fig.11 the calculated dependence
of the net electron transferN on the applied biasU for three
representative values of the amplitude of the optical field in
the gap:Eg = 0.4 V/nm corresponding to the one-photon
absorption regime of electron transfer,Eg = 2.2 V/nm corre-
sponding to the multiphoton regime, andEg = 1.3 V/nm near
the transition between these two regimes. ForEg = 0.4 V/nm
and Eg = 1.3 V/nm the results are normalized by a scaling
factor X = NEg (U )/NEref (U ), where Eref = 2.2 V/nm and
U = 3 V. We find that the overall shape of theN (U ) depen-
dence is only weakly sensitive toEg, and it closely resembles
the experimental data [see Fig. 4(a) in Ref. [5]].
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FIG. 11. Effect of an applied bias on optically induced elec-
tron transfer across a 1-nm gap between metal cylinders with work
function 
M = 4.9 eV (see also open red circles in Fig.10). Re-
sults are shown for three values of the optical field in the gap
0.4, 1.3, and 2.2 V/nm as displayed in the legend. Dots: net opti-
cally induced electron transferN calculated with TDDFT per pulse
and per nm length of the dimer as a function of an applied biasU .
Thex-polarized optical pulse has 7-fs duration andω = 1.6 eV. The
results forEg = 0.4 V/nm andEg = 1.3 V/nm are scaled to match
N calculated forEg = 2.2 V/nm, andU = 3 V. Solid lines of the
corresponding color: results obtained within the semiclassical SFT
framework and scaled to match theN calculated with TDDFT for
Eg = 2.2 V/nm, andU = 3 V. See the text for further details.

This behavior can be explained using the SFT framework.
Since the field amplitudesEg considered here roughly satisfy
ζ > 1 andγ 
 1, the multiphoton photoemission described
by Eqs. (27) and (28), and in a more precise form by Eq. (B9),
becomes applicable. Taking into account the symmetry of the
system, the net electron transfer can be analytically expressed
as

N (U ) = PL→R(U ) − PR→L(U )

= PL→R(U ) − PL→R(−U ), (31)

wherePL→R(U ) can be obtained from Eq. (B9) with Ebias =
U/dgap, and usingWtb ≈ 
. Importantly, considering the
leading power-law dependence of the transition probability on
the optical field [Eq. (28)], the photon numbern is indepen-
dent ofEg, which explains the weak sensitivity of the shape
of N (U ) to variations inEg. For comparison, we normalize in
Fig. 11 the SFT results such that forU = 3 V all the results
coincide with the value ofN calculated with TDDFT for
Eg = 2.2 V/nm.

B. Tunneling junction between silver surfaces

Finally, we apply our approach to study electron transport
induced by a several-cycle optical pulse with carrier frequency
ω = 2.33 eV and a duration of 6 fs. The sufficiently long pulse
duration ensures that the net electron transferN is indepen-
dent of the CEP, similarly to the behavior discussed in Sec.
IV A . We use a typical work function of silver
M = 4.5 eV

[98] with the aim of comparing the present results with recent
cw experiments performed by Lin and collaborators [41], who
studied multiphoton photocurrents in a STM junction between
a silver tip and an Ag(111) surface. Similar experiments in-
volving gold tip and Cu(100) surface have been conducted
by Schröderet al. [40]. The authors of Ref. [41] argued that
the band structure of Ag(111) has no effect on the lightwave-
induced electron transport, which supports the applicability
of the free-electron model in this case. We further comment
on the validity and limitations of this approximation below.
It is worth noting that the STM junction between the tip and
the surface is nonsymmetric. However, an applied bias used
in experiments overrides the effect of the symmetry break
because of the geometry [41]. This validates the symmetric
junction geometry used in our calculations, provided a dc bias
is applied as the main source of asymmetry.

The different panels in Fig.12show the net electron trans-
fer N calculated as a function of optical-field amplitude in
the gapEg, applied biasU , and gap sizedgap. To facilitate
comparison with experiment, we adopt the form of the data
analysis used in the experimental work [41]. The dependence
of N onEg for several values ofU [Fig. 12(a)], and the depen-
dence of the effective photon ordern onU for several values
of Eg [Fig. 12(b)] are calculated for a fixed size of the gap
dgap = 1.6 nm, consistent with the experimental configuration
[41].

The theoretical results reported in Fig.12(a)are in qualita-
tive agreement with experiment and can be interpreted using
the general trends of optically assisted electron transfer dis-
cussed above and in Ref. [64]. Thus, because of the relatively
large gap width, tunneling is suppressed at low bias, and
electron transport is dominated by electrons excited above
the barrier. The effective number of absorbed photonsn = 2
is therefore set by the energy threshold for the multiphoton
processn = 
/ω. IncreasingU lowers the potential barrier,
leading to the progressive emergence of the� = 1 one-photon-
assisted tunneling channel for smallEg � 1.5 V/nm. In this
range ofEg, the interplay between the� = 1 and higher-order
transport channels manifests itself in a gradual decrease of
the observed nonlinearityn with increasing bias. Ultimately,
n = 1 is reached forU = 3 V and for U = 3.5 V. Above
Eg ≈ 1.5 V/nm, the multiphoton regime persists due to the
significant contribution of� > 1 channels, albeit the effective
photon ordern is somewhat reduced for largeU .

The effective local (with respect toEg) photon ordern
is shown in Fig.12(b) as a function of the applied bias for
severalEg. The field amplitudesEg used here for the TDDFT
calculations match the field amplitudes in the junction within
the 0.2–0.9 V/nm range as we obtained from the near-field
intensity estimations performed by Lin and collaborators [41],
who accounted for the plasmon enhancement in the system.
The effective local photon ordern is obtained via numerical
differentiation of theN (Eg) curve at fixed biasU accord-

ing to n = Eg

2N (Eg)
∂N (Eg)

∂Eg
. The results in Fig.12(b) reflect

the transition from the multiphoton-dominated transport to
one-photon-assisted tunneling (� = 1) due to the reduction of
the tunneling barrier by the applied bias. This transition is
more abrupt for lowEg since weak optical fields favor lower
photon-order processes (recall theE2�

g scaling of different
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FIG. 12. Effect of an applied biasU and gap sizedgap on optically induced electron transfer across the gap of the nanowire dimer. The
several-cyclex-polarized optical pulse is 6 fs long [τ = 3.6 fs, andω = 2.33 eV in Eq. (2)]. The TDDFT calculations are performed with
CEP= π . Notice, however, that for this several-cycle pulse, results are independent of CEP. In all the panels, results are shown per pulse and
per nm length of the dimer. (a) Gap sizedgap = 1.6 nm. Dots: Optically induced net electron transferN calculated with TDDFT as a function
of the field in the gapEg for different values of the applied dc biasU . Lines: Fit by theN ∝ E2n

g dependence, wheren is the effective number
of absorbed photons. For further details see the legend. (b) Gap sizedgap = 1.6 nm. Lines with dots: Effective local photon order (effective

number of photons driving the transport for a givenEg) defined from theN (Eg) calculated with TDDFT asn = Eg

2N (Eg)
∂N (Eg)

∂Eg
. Results are

shown as a function of the applied dc biasU for different values of the optical-field amplitude in the gapEg as indicated in the legend. The
gray shaded region indicates the typical variation range ofN with U obtained experimentally [41]. (c) Applied dc biasU = 0.5 V. Lines with
dots: Optically induced net electron transferN calculated with TDDFT as a function of gap sizedgap for different values of the amplitude of
the incident optical fieldE0 as indicated in the legend. The amplitude of the optical field in the gap isEg = RE0, where the field enhancement
R depends ondgap (e.g.,R = 3.0 for dgap = 1.6 nm). Dashed red line: fit by theR4 dependence expected for electron transport driven by
two-photon absorption. The gray shaded region indicates the typical variation range ofN with dgap obtained experimentally [41].

� channels at low optical fields). Overall, we find that the
present calculations reproduce the typical variation range of
N with U reported experimentally [41] and indicated with the
gray shaded region.

In Fig. 12(c), we study the evolution of the lightwave-
induced electron transport with gap sizedgap. For the sake
of comparison with the experimental data [41], we show the
results as a function of the free-space field amplitudeE0.
For the same reason, we performed the TDDFT calculations
using relatively low applied bias (U = 0.5 eV), such that the
tunneling barrier is only weakly affected by the dc field. Under
these conditions, the evolution of the dc tunneling current with
junction size can be estimated as∝ exp(−2

√
2
M − U dgap).

According to this estimate, the dc tunneling current decreases
by an order of magnitude whendgap increases by 1 Å (0.1 nm).
Therefore, within thedgap range shown in Fig.12(c), the
lightwave-induced current dominates electron transport in the
system [40,41]. Because of the reduction of the tunneling
barrier for optically excited electrons, the contribution of the
� = 1 PAT channel associated with one-photon absorption de-
cays more slowly with increasing junction size. It follows the
∝ exp(−2

√
2(
M − ω) − U dgap) dependence, which is in-

deed observed in Fig.12(c), for the lowestE0 and for 1 nm�
dgap� 1.25 nm. This trend is consistent with the dominance
of one-photon-assisted electron tunneling as also evidenced
by the log-log plot ofN (E0) calculated with TDDFT (not
shown).

For large gap sizesdgap� 2 nm, tunneling is negligible.
As follows from the results shown in Fig.12(a), optically
induced electron transport is dominated by over-the-barrier
transitions via multiphoton absorption. The effective photon
order n = 2 is determined by the photoemission threshold.

The calculated net electron transport is thus described by the
N (dgap) ∝ E4

gap dependence. SinceEgap = RE0, for a fixed
E0 we obtain thatN (dgap) follows the variation of the local
field enhancement in the gapN (dgap) ∝ [R(dgap)]4 [see red
dashed line in Fig.12(c)]. Interestingly, the TDDFT results
reproduce the variation ofN by an order of magnitude mea-
sured experimentally by Lin and collaborators [41] as the gap
size increases from about 1.5 nm to 4 nm (highlighted by the
gray rectangle).

All in all, we have found that the TDDFT calculations
performed in our model system are capable of reproducing the
major trends observed experimentally for optically induced
electron transport. These include the data obtained with 7-fs
laser pulses used to drive electron transfer in the gap of a
gold bowtie antenna [5], and the data obtained with cw il-
lumination of a silver-based STM junction [41]. Importantly,
our theoretical TDDFT approach is parameter free. The size
of the junction (the key geometric parameter) has been set
equal to that reported in the experiments. Our TDDFT study
describes the “fast” [42] coherent component of the opti-
cally induced transport. It corresponds to the one-step process
driven by the field of an optical pulse and it cannot be sepa-
rated in time into excitation and tunneling (or over-the-barrier
transfer) events. This said, electron relaxation leading, e.g.,
to thermionic emission [42], cannot be captured within the
ALDA-TDDFT scheme [109–111]. Further theoretical work
that explicitly incorporates excitation and relaxation events
[43–48,106–108], as well as experimental investigations, are
then needed in order to provide a more accurate picture of the
process.

One remark is in order regarding possible effects of the
band structure of the substrate. Whiled-electrons in noble
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metals have binding energies several eV below the Fermi
level, so that electron transport is dominated by the valence
electrons, the projected band structure of the surface may
affect electron transport by changing the surface reflectivity.
Indeed, the Ag(111) surface used in Ref. [41] and the Cu(100)
surface used in Refs. [40,41] are known to possess a projected
band gap in the direction perpendicular to the surface. This
gap extends to low binding energies in the case of Ag(111),
or even above the vacuum level for Cu(100) [98]. The high
reflectivity of the surface for electrons with energies inside
the gap is behind the observation of field-emission resonances
in STM [116–119]. While for Ag(111), at high applied bias,
the transferred electron energies are above the band gap, this
is not the case forU < 1.6 eV. A treatment of band structure
effects is beyond the scope of this work and is noted for future
investigation.

V. SUMMARY AND CONCLUSIONS AND OUTLOOK

In conclusion, we have theoretically investigated optically
induced electron transport in metallic gaps ranging from sub-
nanometer to several nanometers, with a particular focus on
photon-assisted electron tunneling. Our work is relevant to
STM junctions, optical nanoantennas, and other tunneling
devices, as demonstrated by the comparison between our the-
oretical results and recent experimental observations.

As a representative system, we considered a junction
formed by a dimer of parallel free-electron metal nanowires
exposed to few-cycle and several-cycle laser pulses. The
electron dynamics following optical excitation has been de-
scribed using many-body time-dependent density-functional
theory (TDDFT). Along with TDDFT, we also applied model
approaches based on direct numerical and semiclassical
strong-field theory solutions of the one-dimensional, one-
electron time-dependent Schrödinger equation. These model
approaches, and in particular the analytical semiclassical the-
ory, are found to be extremely useful in providing guidelines
for understanding the main trends calculated with TDDFT.

The conditions for photon-assisted electron tunneling are
achieved by considering a sub-nm gap (here 0.8 nm), or con-
sidering a situation where an external dc bias is applied across
wider (1-nm and 2-nm) gaps. The dc bias lowers the potential
barrier between metals and enables optically assisted electron
tunneling, as exploited in recent experiments.

In line with earlier findings, we confirm that an optical
wave drives electron transport even in a more direct manner
than merely producing electron excitation. The very elec-
tron ejection from the metal is locked to the waveform of
the optical field. Electrons are launched at the metal-vacuum
interface during the half-cycles of the optical field with the
corresponding polarity.

While for single-cycle optical pulses this opens a possibil-
ity of CEP control of the net electron transferN , this control
is only effective in the multiphoton regime, where the photon
absorption orders� driving electron transport satisfy� � 2.
As we have demonstrated, in the single-photon regime of
photon-assisted tunneling (� = 1), the CEP sensitivity ofN
vanishes. As a consequence, in a symmetric gap, the one-
photon channel does not contribute to the net electron transfer
across the gap, and� = 2 is the lowest photon order observed

in theN (Eg) dependence at low fields in the gapEg. In this sit-
uation, applying a dc bias breaks the symmetry of the system
and allows the� = 1 channel of the photon-assisted tunneling
to be observed provided the tunneling barrier is sufficiently
low. In turn, this barrier can be controlled by an applied bias
U and the gap sizedgap.

We have demonstrated that at low optical-field strengths
in the gap, in the perturbative regime, the optically induced
net electron transfer scales asN ∝ E2�min

g . This dependence
reflects the lowest symmetry-allowed channel of photon-
assisted tunneling (i.e., the lowest photon order). This lowest
photon order is�min = 1 for an asymmetric gap and�min = 2
for a symmetric gap.

With increasingEg, the perturbative regime of optically in-
duced electron transport evolves into the multiphoton regime
with aN ∝ E2n

g dependence of the net electron transfer on the
optical-field strength. Theeffective photon ordern reflects an
average value over all active transport channels (tunneling and
over-the-barrier) with� � �min photon absorption. It follows
from the TDDFT calculations that the transition between the
perturbative and multiphoton regimes is relatively prompt,
with n converging to the threshold of photoemission above the
tunneling barriern ≈ Wtb/ω. This finding is in accord with
semiclassical theory.

Using several-cycle optical pulses, representative of the
experimental conditions, we qualitatively (and in some cases
semiquantitatively) reproduce recent experimental data that
dissect different photon channels in optically assisted tunnel-
ing. Because of the relatively long pulse duration, the CEP
dependence is suppressed in this case. The contribution of
different�-photon channels of electron transport is controlled
by the applied biasU and the gap sizedgap, which we set ac-
cording to experiment. No fitting parameters are used, which
strengthens the validity of approach and the mechanisms
it uncovers. Furthermore, our results confirm that because
of the localization of electron transfer within the junction
region, the nanowire dimer model system is suitable for ad-
dressing photon-assisted tunneling in narrow gaps. This said,
TDDFT captures the “fast” component of the photoemission,
while quantifying the role of the relaxation of photoexcited
electrons, as well as the “slow” thermionic part of electron
emission [42], requires further theoretical work.

As possible future developments, we also foresee studying
the role of the band structure of the substrate and addressing
electron tunneling induced by short optical pulses with con-
trolled frequency chirp.

We believe that the results presented in this work contribute
to a deeper understanding and to the discussion of the physical
mechanisms at play in electron transport induced in metallic
junctions by optical pulses of single-cycle and longer dura-
tion. The processes and their control strategies, as studied
here, are relevant for petahertz optoelectronic devices, as well
as for scanning probe techniques targeting ultimate spatial and
temporal resolution.
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APPENDIX A: TDDFT CALCULATIONS
WITH AN APPLIED DC BIAS

As we discussed in Sec.II A , in order to study the role of
an applied dc bias the dimer is subjected to slowly varying
THz field. The corresponding potential, introduced into the
time-dependent KS equations of the TDDFT, is given by

VTHz(x, t ) = −x
Ũ

dgap
U (t − t−). (A1)

The switching functionU is defined as

U (ξ ) =

⎧⎪⎨
⎪⎩

0, ξ < −τTHz,

sin2
(

π
2

ξ+τTHz

τTHz

)
, −τTHz � ξ � 0,

1, 0 < ξ.

(A2)

Typically, we choose a switching timeτTHz = 50 fs andt− =
−3.5τ so that at the moment of the arrival of the optical
pulse the system is polarized by a nearly constant electric field
Ũ/dgap. The effective dc biasU is given by the difference
between the self-consistent potentials inside the left and the
right cylinders att = t−:

U = V (−R − dgap/2, 0, t ) − V (R + dgap/2, 0, t ), (A3)

and it equals to the difference between the Fermi energies
of the cylinders. Note thatU �= Ũ because of the cylindrical
geometry and small charge transfer during the rise of the THz
field.

APPENDIX B: PHOTOEMISSION FORMULAS

With Eqs. (15) and (17), we give expressions for electron
transfer probabilityPL→R and the action functionS(t2s, t1s),
respectively. For convenience we repeat the definition of the
latter here:

S(t2s, t1s) = Et2s + p̃2

2
(t2s − t1s) −

∫ t2s

t1s

A2
opt(t

′)

2
dt ′

−
∫ t2s

t1s

Vm[x(t ′)] dt ′ − EFt1s, (B1)

and the corresponding electron transfer probability from the
left to the right is expressed as

PL→R ∝
∑
E

e−2Im[S(t2s,t1s)] . (B2)

For a strong optical field whereζ < 1, we have

Im[t1s] ≡ Im[tL]

= Eg

√
1 + γ 2

Ebias+ Eg

√
1 + γ 2

ln(γ +
√

1 + γ 2)

ω
(B3)

and

Im
[
t2s

] = 0, Im[ p̃] ≈ 0. (B4)

Substituting these solutions into Eq. (B1), we obtain

Im
[
Et2s

] = Im

[
p̃2

2
(t2s − t1s)

]
= 0, (B5)

as well as

Im

[ ∫ t2s

t1s

A2(t ′)
2

dt ′
]

= W tb

2ωγ 2

{
sinh

[
ωIm

(
t1s

)]
cosh

[
ωIm

(
t1s

)] − ωIm
(
t1s

)}
− EgEbias

ω3

{
sinh

[
ωIm

(
t1s

)]−ωIm(t1s) cosh
[
ωIm

(
t1s

)]}
,

(B6)

and

Im

[ ∫ t2s

t1s

Vm[x(t ′)] dt ′
]

= −V m Im[t1s]. (B7)

Depending on the value of the Keldysh parameterγ we
distinguish two situations:

Case: γ 
 1. In the multiphoton regime whereγ 
 1,
substituting the above solutions into the Eq. (B2) and replac-
ing the emission time with

Im[t1s] = ω
√
W tb

Ebias+ ω
√
W tb

ln(2γ )

ω
, (B8)

we obtain the formula describing the multiphoton regime:

PL→R ∝ (2γ )−2 (ϒ W tb
ω

)

× (2γ )
2ϒEbiasEg

ω3 cosh[ϒ ln(2γ )] · · · , (B9)

where

ϒ ≡ ω
√

2W tb

Ebias+ ω
√

2W tb

. (B10)

Case: γ � 1. In the tunneling regime,γ � 1. As a result,
we obtain

Im[t1s] =
√

2W tb

Ebias+ Eg
. (B11)

Substituting this approximation into Eq. (B2), we obtain the
formula for the probability of the field-driven tunneling:

PL→R ∝ exp

[
− 2(2W tb)

3
2

3(Ebias+ Eg)

]
. (B12)
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APPENDIX C: TRANSPORT ASSISTED BY ONE-PHOTON
ABSORPTION, PERTURBATIVE TREATMENT

FOR THE SMALL OPTICAL FIELD

Let us assume for simplicity that the electronic coupling
between the nanowires and thus tunneling can be neglected
in the ground-state system. This implies that〈ψ p

k |ψ p′
k′ 〉 =

δk,k′δp,p′ where k and k′ label the ground-state bound KS
orbitals localized in the left (L) and right (R) nanowires as in-
dicated with (p, p′) = (L, R) (see Fig.2 for geometry). Here,
δ is the Kronecker delta. For identical cylindrical nanowires
the energiesEk of the K-S orbitals are given bŷH0ψ

p
k = Ekψ

p
k

whereĤ0 is the ground state Hamiltonian. For an initial state
given by the KS orbital localized in the left nanowireψL

k (r),
the time-dependent wave function�L

k (r, t ) is obtained within
the TDDFT from the solution of the time-dependent K-S
equation

i∂t�
L
k (r, t ) = {Ĥ0 + δV (r, t )}�L

k (r, t ), (C1)

where δV (r, t ) = Vopt(r, t ) + Vind(r, t ) is the (small) time-
dependent potential. It is given by the sum of the potential
Vopt(x, t ) = x a(t ) cos(ωt + ϕ) owing to the incident field
[a(t ) is the slow envelope function] and the self-consistent
response of the systemVind(r, t ) = V (r, t ) − Vgs(r). The lat-
ter accounts for the difference between the self-consistent
time-dependent and ground-state potentials. For the sake of
brevity, below we drop off the coordinate variables. We are
interested in the weak-field regime. Therefore, we use pertur-
bation theory and linear response to describe the one-photon
absorption process. With the wave function sought in the form
�L

k (t ) = e−iEktψL
k + δ�L

k (t ), where δ�L
k (t ) is the perturba-

tion, and keeping only the first-order terms inδV we obtain

{i∂t − Ĥ0}δ�L
k (t ) = δV (t )e−iEktψL

k . (C2)

The potentialδV can be found from

δV (t ) =
∫ ∞

0
dω′ e−iω′t [1 + α̂(ω′)] Vopt(ω

′) + c.c., (C3)

where α̂(ω, r, r′) is the response tensor, c.c. stands for the
complex conjugate, andVopt(ω′) is obtained from

Vopt(ω
′) = 1

2π

∫ ∞

−∞
dteiω′tVopt(t )

= x

2
[eiϕa(ω′ + ω) + e−iϕa(ω′ − ω)]. (C4)

Sincea(t ) is a slowly varying function only the second term of
Eq. (C4) will contribute toδV (t ) given by Eq. (C3). Applying
the rotating-wave approximation we arrive at

{i∂t − Ĥ0}δ�L
k (t ) = e−iϕe−iEktδv(t )ψL

k , (C5)

where

δv(t ) = 1

2

∫ ∞

0
dω′e−iω′t [1 + α̂(ω′)] x a(ω′ − ω). (C6)

Finally, from Eq. (C5) δ�L
k (t ) can be found from

δ�L
k (t ) = e−iϕ

i

∫ t

−∞
dt ′e−iĤ0(t−t ′ )e−iEkt ′

δv(t ′)ψL
k . (C7)

The electron transfer probability to the right nanowire is
given by

P(L,k)→R(ϕ) =
∑

ν

∣∣〈ψR
ν

∣∣δ�L
k (t → ∞)〉∣∣2. (C8)

From Eqs. (C7) and (C8), it follows thatP(L,k)→R is inde-
pendent of CEP given byϕ. Consider now an initial state
given by the ground-state KS orbital localized in the right
nanowire. From the symmetry of the systemP(R,k)→L(ϕ) =
P(L,k)→R(ϕ + π ), and from the demonstration above it follows
then thatP(R,k)→L(ϕ) = P(L,k)→R(ϕ). The net electron trans-
fer N = ∑

k χk{P(L,k)→R(ϕ) − P(R,k)→L(ϕ)} = 0. Here, the
summation runs over occupied KS orbitals andχk accounts
for the spin statistical factors and degeneracy associated with
z motion. We therefore conclude that if only one-photon
absorption is considered, thenN is zero for a symmetric
system.
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