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Signatures of atomic structure in subfemtosecond laser-driven electron dynamics in nanogaps
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Coupled Maxwell and quantum-mechanical equations are used to simulate the electron dynamics in nanogaps
in systems containing thousands of atoms. It will be shown that besides the carrier-envelop phase, bow-tie or
gap shape, and gap size, the atomistic structure also significantly alters the electron dynamics. Atomic-scale
interference fringes appear not only in the electron density but in the electron current and field enhancement as
well. Electron bursts emerge from individual atoms and scatter on atoms driven by the direction of the laser. The
time-dependent orbital-free density functional theory coupled to the Maxwell equations allows us to simulate
physical systems approaching the realistic size and to explore the physical mechanism controlling the electron
dynamics.
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I. INTRODUCTION

The precise control of the carrier-envelope phase (CEP) of
few-cycle laser pulses at subfemtosecond timescales allows
the manipulation of electron dynamics by the electromag-
netic field of light [1–7]. By suitable choice of the CEP, the
oscillating electric field of a light wave can drive electrons
across a nanoscale plasmonic gap several orders of magnitude
faster than the gigahertz speed of conventional electronics
[8–17]. Bow-tie antennas are particularly useful because they
can significantly increase the electron emission by resonant
plasmonic effects [4,15,18–24]. The excited plasmons can
induce strong, localized electric fields, which can drive large
electron currents from the nanostructures [19,25–30].

The electron transport between nanoparticles is controlled
by several different factors. When the nanostructures are close
to each other, their near fields couple to each other leading to
enhancement depending on the distance, shape, and size of the
nanoparticles [31]. The electron dynamics also depends on the
energy of the photons as well as the duration and the CEP of
the laser pulse.

To describe a realistic physical system, one needs to
simulate thousands of atoms, which is very difficult for
quantum-mechanical approaches. The time-dependent density
functional theory (TDDFT) [32] is a method of choice, but
TDDFT based calculations either use jellium models neglect-
ing atomic details [33–36] or are restricted to small model
systems [37–44].

The importance of the atomic structure [38,40] and the
quantum effects [34] are well recognized and emphasized by
the TDDFT calculations. For example, the individual atomic
protrusions into the gap can significantly increase local elec-
tromagnetic enhancement in addition to the plasmonic fields
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[40,45] and quantum phenomena, such as confinement and
tunneling play an important role [34].

Another important physical mechanism is the coupling be-
tween electromagnetic fields and matter. The electron current
and time-dependent charge oscillations induce electric fields
in a highly nonlinear manner. In TDDFT and other quantum-
mechanical approaches this is usually neglected, while in
electrodynamics simulation, the microscopic electron dynam-
ics are not included.

In this work, we address both of these issues by coupling
the atomistic quantum description of electron dynamics and
the time-dependent electromagnetic fields to describe electron
bursts and transport in plasmonic nanogaps. We show that,
besides the carrier envelop phase, bow-tie or gap shape, and
gap size, the atomistic structure also substantially changes the
electron dynamics. In the simulations, atomic-scale interfer-
ence fringes appear not only in the electron density but in
the electron current and field enhancement as well. Electron
bursts emerge from individual atoms and scatter on atoms
driven by the direction of the laser. This interference and
scattering modulate the electron dynamics on the atomic scale.

Both the coupling between light and matter and the atom-
istic description are very important in understanding the
dynamics of ultrafast electron currents in nanogaps. To ad-
dress these for realistic physical devices one has to be able
to simulate the electron dynamics in systems with thousands
of atoms. For small model systems the effect of coupling
between light and matter is small because there are not enough
charges to create large induced fields. The orbital-free (OF)
density functional theory (DFT) [46] is a good approach for
large systems because its main variable is the electron density
and it computationally scales linearly with system size, and
it has been used in million-atom material simulations [47].
We use the time-dependent DFT version of the OF-DFT, the
OF-TDDFT, in our calculations. The OF-TDDFT is coupled
with the Maxwell equations and the Maxwell equations are
solved using the Riemann-Silbertsen vector to describe the
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electromagnetic fields [48]. In a previous work we have shown
that the currents and induced fields predicted by OF-TDDFT
calculations are in very good agreement with TDDFT calcula-
tions for jellium sheets, jellium spheres, atomistic sheets, and
icosahedron clusters [49].

II. FORMALISM

The OF-TDDFT equation is a time-dependent Schrödinger
equation for a single orbital [49],(

ih̄
∂

∂t
− HOF

)
�(r, t ) = 0, (1)

where

HOF (r, t ) = − 1
2m [−ih̄∇r − eA(r, t )]2 + VOF [ρ](r, t ). (2)

The density-dependent potential VOF is defined in Ap-
pendix A. The electron density and the electron current at time
t are defined as

ρOF (r, t ) = |�(r, t )|2 (3)

and

JOF (r, t ) = 2Re{�(r, t )∗[−ih̄∇r − eA(r, t )]�(r, t )}. (4)

To solve the Maxwell equations we use the Reimann-
Silberstein (RS), which is coupled to the OF-TDDFT equa-
tion by the method developed in Ref. [48]. In this approach,
the RS vector is defined as

F(r, t ) =
√

ε0

2
E(r, t ) + i

√
1

2μ0
B(r, t ), (5)

and this vector satisfies the Maxwell equations in the form

ih̄
∂F
∂t

= c

(
S · h̄

i
∇r

)
F − ih̄√

2ε0
J, (6)

where S is the spin-1 3 × 3 Pauli matrices. The main ad-
vantage of this approach is that Eq. (6) is similar to a
time-dependent Schrödinger equation [Eq. (1)] and the RS
vector can be calculated by time propagation together with
the time-dependent wave function. The wave function is rep-
resented on a real-space grid and is time propagated using
Taylor time evolution. The RS vector is represented and time
propagated in Fourier space. A more detailed description can
be found in Ref. [49]. In the numerical calculation, first, the
ground state wave function is calculated by diagonalizing HOF

on a real space grid, and this will be used as the initial wave
function. An external laser pulse is added to the system of the
form

Ez(r, t ) = E0 sin[ω(t − x/c) + φ]e−(t−t0−x/c)2/α2
	(t ), (7)

where 	(t ) is a ramping function that ensures the electric
field is zero at t = 0, α is the carrier-envelope width, ω is
the field frequency, E0 is the field strength, and φ is the
carrier-envelope phase. The parameters of the laser pulse
and the pulse shape for different carrier-envelope phases and
other details of the numerical solution of the coupled equa-
tions are shown in Appendix A. Atomic units are used in the
calculations and the conversion factors to electron volts and
femtoseconds are given in Appendix A.

III. RESULTS

We use aluminum bow-tie structures similar to the one
in Fig. 1 to study the electron dynamics in nanogaps. The
two main variables of this geometry are the distance between
the tips and the bow-tie angle (see Appendix A). Aluminum
bow-tie structures are considered good alternatives [50–52]
to noble metal (gold and silver) bow-tie structures, and their
field enhancement properties have been investigated experi-
mentally [22,51,53,54] and by finite-difference time-domain
simulations [55–58]. The field enhancement in the gap is
found to be between 20 and 100 [55,56,58] depending on the
geometry of the structure. This is somewhat smaller than the
field enhancement in gold bow-tie antennas [4,20].

In the simulations, the electric field from the laser drives
the electron density to the tips of the bow-tie structure, creat-
ing a strong induced electric field around the tip. Snapshots of
the electron density, the electron current, and the electric field
are shown in Fig. 1 for φ = 0. In these figures (6000 atoms
and 18 000 electrons are used in this example), the fingerprint
of the underlying atomic structure can clearly be seen in the
density, the current, and the electric field. The electron current
is emitted not only from the tip atoms but also from a wider
region and the absorption extends into layers of atoms. This
is even more visible in the excited state density [ρ(t ) − ρ(0)]
where the charge density on individual atoms deep inside the
tips varies with the electric field [see Fig. 1(c)]. The snap-
shots in Fig. 1(c) demonstrate that the electron transport and
dynamics evolve through excitation of individual atoms.

The induced electric field [Fig. 1(d)] and the electron cur-
rent [Fig. 1(e)] also change on the atomic scale in space.
Figure 1(d) shows that the electric field is strong inside the tips
and interferencelike fringes commensurate with the atomic
structure are present. The figures also show that the electric
fields and currents change signs between atoms or atomic
layers, corroborating that the atomic structure is important and
strongly influences the electron dynamics.

Figure 1(f) shows the field enhancement at a frequency of
ω = 0.16, where the enhancement is the largest. The bright
spots correspond to an enhancement of a factor of 40–45.
There is a bright hot spot along the line that connects the two
tips and reaches inside the tip region deep inside the atomic
layers where two small hot spots can also be seen.

To analyze the flow of electrons from one tip to another,
the flux of electrons through a given surface are calculated as


(t ) = −
∫

dxdyJz(r, t ), 
T =
∫ T

0
dt
(t ). (8)

Figure 2(a) shows the flux of electrons between the tips. The
surface is taken to be the xy plane which lies in between the
two structures. When the laser field is symmetric (φ = 0), it
moves the electrons from one tip to the other and back, leading
to a net transfer across the bow-tie structure of close to 0. The
amplitude of the laser field reaches its first maxima at around
t = 30 a.u. and reaches the second one, with the opposite sign,
at t = 45 a.u. The flux follows this oscillation with a 20-a.u.
time delay. The figure also shows the importance of coupling
the Maxwell and OF-TDDFT equations. In the uncoupled
case, the induced fields due to the dynamics of electrons are
neglected and the flux is about two times bigger than in the
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FIG. 1. Electron density (a), electron density in the gap region (b), excited-state electron density, ρ(t ) − ρ(0), in the gap region (c), electric
field in the gap (d), current in the gap (e), and field enhancement in the gap (f) in a bow-tie structure. The figures were obtained by averaging
over the y direction. Six thousand atoms with 18 000 electrons were used.

coupled case. We also considered the effect of system size on
the flux. Figure 2 shows that the time dependence of the flux
for a smaller system is very similar to that of the larger system,
but the flux transfer is somewhat smaller.

The number of transported electrons from one tip to the
other strongly depends on the CEP. Figure 2(b) shows the
flux for different φ values between 0 and 2π . CEP values of
φ = π/2 and φ = 3π/2 have the largest net electron trans-
port, and they move the electrons in the opposite directions,
as dictated by the symmetry of the laser. In this case, the
maximum transfer is 0.5 electrons over a time frame of 70
a.u., corresponding to a current of 50 μA which is very large.
The field enhancement [see Fig. 2(c)] seems to have a very
small dependence on the CEP.

Next, we study the effect of gap size on the electron
transport between the tips. In these simulations, the distance
between the tips is varied and the same laser is used as before
with a CEP of φ = 0. The gap size is defined as the distance
between the outermost atoms on the tips. As expected, with a
larger gap size, there is a smaller induced field amplitude and
thus a smaller field enhancement [Fig. 2(e)]. In particular, for

approximately every 2 a.u. (0.1 nm) increase in gap size, there
is a 10% drop in the overall enhancement.

Figure 2(f) shows that the net electron transport between
the tips strongly depends on the gap distance. This is because
the large gap size inhibits the electrons from moving back
when the laser changes direction because there is a time delay
in the transport process. The larger the gap, the farther the
electrons have to travel, meaning the electron packet does not
make it across the gap before the laser field reverses. This
example shows that one can use the gap size to control the
electron transfer between tips.

The appeal of the bow-tie system with a single pulsed
asymmetric laser is that electron transport can occur without
a bias. However, it is still worth exploring the amplification
of transport by a bias as it is commonly used in chip tech-
nologies. These calculations use the same laser as before, but
a bias potential is added with a voltage that is equal to a
certain percentage of the maximum laser amplitude, E0, for
the entire duration of the simulation. We utilize bias voltage
values of 0.016 (8.39 V/nm), 0.032 (16.78 V/nm), 0.049
(25.16 V/nm), 0.065 (33.56 V/nm), and 0.082 (41.95 V/nm);
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FIG. 2. Fluxes and field enhancements for various carrier-
envelope phases. (a) Fluxes in two systems of different sizes (small
and medium) are compared. The parameters defining the systems are
listed in Appendix A. The dashed red line is the flux without coupling
and the solid black line is the flux with coupling in the medium-sized
system. The dashed blue line is the flux withoutcoupling and the solid
green line is the flux with coupling in the small system. (b) Fluxes
for different carrier-envelope phases. (c) Field enhancements for
different carrier-envelope phases. (d) Laser field for different CEPs.
(e) Enhancement and (f) flux for different gap sizes. The frequency
and time are in atomic units, and the flux is the number of electrons
crossing the surface in the gap.

ranging between 10 and 50% of E0. The larger the bias, the
larger the field amplitude; however, there is a new oscillation
when compared to a nonbiased field at time t = 15 to t = 30,
shown in Fig. 3(b). In the nonbiased case [Fig. 2(a)], there
is no flux before t = 30 and the new peak is due to the bias.
Figure 3(a) shows that the bias significantly increases the field
enhancement. This is the consequence of the increased elec-
tron current in the gap region [Fig. 3(a)], especially for large
biases. Additionally, the electron transfer, shown in Fig. 3(c),
continues in the direction of the bias as long as the bias stays
active even after the laser pulse. As expected, these fluxes
are much larger than those in the nonbiased case. Figure 3(d)
shows the flux as the function of time. One can see that flux is
driven by the electric field [see Figs. 3(b) and 3(c)], but there
is a time delay between the two.

In the following, we explore another possibility to asym-
metrically transfer electrons across the gap using a multicolor
laser [shown in Fig. 3(e)]. A combination of two wavelengths

FIG. 3. Field enhancement (a), electric field (b), flux (c), and flux
at time t (d) for a biased laser pulse. Laser (e) and flux of multiple
CEPs (f) for two-colored laser pulses. The frequency and time are
in atomic units, and the flux is the number of electrons crossing the
surface in the gap.

of frequencies of ω and 2ω is used to create this pulse (for
definition, see Appendix A). Fig. 3(f) shows that the field flux
is still similar to the single-color pulse laser despite reaching
a much higher laser amplitude [almost 0.27 a.u. as shown in
Fig. 3(e) compared to 0.19 in the case of the single pulse].
The biggest effect of the two-color laser is that it changes
the CEP dependence of the flux. The largest flux is at φ = 0
and φ = π , while the single pulsed laser had the largest flux
at φ = π

2 . The most interesting effect of the multicolor laser
is that it can be used to change the direction of the electron
current. For example, using φ = π

2 with a single color laser
the net electron flow is from the upper tip to the lower tip
[Fig. 2(b)]. By turning on the second laser [Fig. 3(f)] the
electrons will flow in the opposite direction. Further details
of the multicolor case are highlighted in Appendix B.

Finally, we have also investigated bow-tie structures with
asymmetric tips (see Fig. 4). Asymmetric structures can create
net electron transport between the tips for all values of the
CEP. Several different geometries were investigated. In asym-
metric sharp-blunt bow-tie structures, the field enhancement
does not significantly change (Fig. 4), but using different
shapes, one can steer the current from the sharper tip to the
wider tip even with φ = 0. The field enhancement around a
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FIG. 4. Field enhancement [panels (a) and (d)], flux [panels (b) and (e)], and density snapshots [panels (c) and (f)] in asymmetric bow-tie
structures. The CEP is φ = 0. The frequency and time are in atomic units and the flux is the number of electrons crossing the surface in the
gap.

single tip (without the other tip) is about 1/3 of the field en-
hancement of the asymmetric structures, so even a flat surface
increases the field enhancement in the gap. Figure 4 shows
that the current now flows in one direction outward from the
tip. This geometry allows sending electron packets from the
sharp tip to a wider tip or to a sheet controlled by the laser
without relying on the CEP.

IV. SUMMARY

In summary, coupled OF-TDDFT Maxwell simulations
have been performed on aluminum bow-tie systems com-
prised of thousands of atoms. Atomistic features appear in
the time-dependent electron densities, currents, and induced
electric fields, indicating the importance of the atomistic de-
scription. These OF-TDDFT calculations substantially extend
the applicability of quantum-mechanical simulations and the
atomistic simulation of realistic devices are within the reach of
this approach. We have shown that unidirectional currents can
be generated in several different ways, e.g., with optimized
CEPs, with multicolor lasers, or by using asymmetric bow-
tie structures. These atomistic coupled OF-TDDFT Maxwell
simulations might be useful in the investigation of various

nanoscale devices where the interaction of electromagnetic
fields and matter is important.

APPENDIX A: COMPUTATIONAL DETAILS

In our calculations we define the orbital-free potential as

VOF (r, t ) = Vext (r) + Vxc(r) + VH (r)

+ VT F [ρ](r) + VW [ρ](r), (A1)

where Vext is the potential induced from the external laser,
Vxc is the exchange-correlation potential, VH is the Hartree
potential, VT F is the Thomas-Fermi kinetic energy functional,
and VW is the von Weizsäcker potential. The OF-TDDFT and
Maxwell equations are solved by time propagation [48]. The
time propagation starts from a converged ground-state wave
function using a 0.02-a.u time step for the wave function and
a 0.001-a.u. time step for propagation of the electromagnetic
(EM) fields in the coupled case. The Helmholtz decompo-
sition of the Riemann-Silberstein vector allows the removal
of the longitudinal component and then the Hartree poten-
tial can be calculated by solving the Poisson equation. The
electron density and current are calculated by the TD-OFDFT
equation and then used to calculated F at time t + �t/2 by
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TABLE I. A table describing all the system sizes and parameters used in our simulations. The grid spacing and time steps are in atomic
units. (EM is already defined) The time step used in the quantum mechanical part (QM) and in the EM part are denoted by dt (QM ) and
dt (EM ), respectively.

System Angle Gap size Number of atoms Grid size Grid spacing dt (QM) dt (EM)
Large standard 60 16.66 5660 702 × 16 × 1152 0.477 87 0.02 0.001
Medium standard 60 16.66 1848 450 × 16 × 672 0.477 87 0.02 0.001
Small standard 60 16.66 464 237 × 16 × 352 0.477 87 0.02 0.001
Small gap 1 60 18.74 464 237 × 16 × 356 0.477 87 0.02 0.001
Small gap 2 60 20.82 464 237 × 16 × 360 0.477 87 0.02 0.001
Small gap 3 60 22.90 464 237 × 16 × 364 0.477 87 0.02 0.001
Small gap 4 60 24.98 464 237 × 16 × 368 0.477 87 0.02 0.001
Small gap 5 60 27.06 464 237 × 16 × 372 0.477 87 0.02 0.001
Small angle 1 45 16.66 800 384 × 16 × 352 0.477 87 0.02 0.001
Small angle 2 30 16.66 1136 384 × 16 × 352 0.477 87 0.02 0.001
Small angle 3 15 16.66 1136 384 × 16 × 352 0.477 87 0.02 0.001

time propagating the Maxwell equation. Once F is known,
A is calculated from the field E using the leapfrog algorithm
described in Ref. [48].

The external laser pulse used in the calculations is defined
as

Eext (r, t ) = (0, 0, E0 sin[ω(t − x/c) + φ]e−(t−t0−x/c)2/α2
),

(A2)
where α is the envelope width, ω is the frequency, and φ is the
carrier-envelope phase. The laser parameters are E0 = 0.019,
ω = 0.3, and α = 10 in atomic units. In atomic units E0 = 1

FIG. 5. Bow-tie structure.

a.u. corresponds to 51.422 V/Å, ω = 1 a.u. is 45.6 nm, and 1
a.u. of time is 0.024 188 fs. Figure 3(e) shows an example of
our short asymmetric laser with these parameters.

The field enhancements are calculated using

Field Enhancement (r, ω) = E(r, ω)/Eext (r, ω). (A3)

Here the ratio is taken in frequency space since the induced
field is often quite different from the external field as a func-
tion of time.

We use bow-tie systems of Al atoms in the calculations.
The largest system has 6000 atoms and 18 000 electrons.
The bow-tie system in Fig. 5 (θ = π/3) has 1848 atoms and
5544 electrons in a 215 × 7.65 × 321 box with 0.478 grid
spacing (all in atomic units) and periodic boundary condi-
tions. We have also used a smaller structure (464 atoms and
1392 electrons) with the same angle and several other bow-tie
systems with different angles. These systems produced results
similar to those of the large system but required much less
computational time. The details of the test system geometries
are given in Table I.

For the asymmetric laser calculations, we have used the
following multiwavelength laser:

Emulti = Eext (r, t, ω = 0.3, α = 10, E0 = 0.019, φ = 0)

+ Eext (r, t, ω = 0.6, α = 10, E0 = 0.019, φ = 0).
(A4)

FIG. 6. Electric field (a) and field enhancement (b) of multicol-
ored laser. The frequency and time are in atomic units.
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APPENDIX B: FIELD ENHANCEMENT
FOR MULTICOLORED LASER

For the multicolored laser we have omitted the field and
the field enhancement in the main part of the paper as they

are similar to that of a single-colored laser. We include them
here in Fig. 6 for completeness. The figures show that, while
the flux is very different from that of the single-color case
[as shown in Fig. 2(b) and Fig. 3(f)] the field enhancement is
similar to that of the single-color case.
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