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ABSTRACT:A laser-driven quantum electron ratchet nanodevice is proposed. The ratchet
consists of a series of disconnected bubble-shaped nanodiode structures with a sharp tip to
induce a large� eld enhancement. A laser pulse is used to create a plasmon oscillation in the
vertical direction, and the shape of the bubble funnels the electrons toward the sharp tip
leading to net electron transport in the horizontal direction. The electron current carries the
� ngerprint of the driving laser� eld. The system is modeled by using the time-dependent
orbital free density functional theory with nanostructures containing thousands of atoms.
KEYWORDS:Ratchet, Nonequilibrium, Charge transport, Petahertz, Density functional theory, Femtosecond laser excitation

Electron ratchets produce directional currents from non-
directional driving forces without an applied net bias. In

practice, this is achieved by using time-dependent potentials to
break time-reversal and spatial symmetries in the direction of
transport.1� 13Electron ratchets have been used for sensing (e.g.,
terahertz radiation see refs9and14), for energy harvesting,15for
solar cells,8 or for converting AC currents or electronic noise to
stable DC currents.16 In addition to electrons, nanoscale
ratchets can also transport atoms.3

The most frequently used mechanisms in ratchets are
“� ashing” and “tilting”. In � ashing ratchets,1,10,13,17 an
asymmetric potential periodically moves the electrons between
two states; in tilting ratchets, the source-drain bias oscillates with
a time average of zero.18,19 In these devices, various physical
mechanisms lead to the ratchet e� ect including thermal
excitation over energy barriers, tunneling through barriers, and
wave re� ection from barriers.

In this work, we propose and study a di� erent electron ratchet
based on laser-driven electron tunneling between sharp tips and
� at surfaces. In this device, the direction of the electron transport
and the driving laser is perpendicular. The generated time-
dependent electron current oscillates at petahertz frequencies
and is modulated by the frequency of the driving laser. The
operation of the device is based on the observation20 that an
oscillating laser pulse tends to drive a net electron� ux from a
sharp tip to a� at surface. We have envisioned a periodic system
of“nanobubbles” facing each other with a sharp tip as it is shown
inFigure 1. Once the electrons are transported to the� at surface,
they will be funneled to a sharp tip through a special bubble
shape as a guide (seeFigure 1). The same laser pulse then drives
the electrons from the tip to the next bubble. The nanobubbles
are not connected to each other, so the net electron current
along the bubbles (x-direction inFigure 1) is solely due to the
laser pulse acting in the perpendicularz-direction.

We have used the orbital-free time-dependent density
functional theory (OF-TDDFT)21 in our calculations. The

orbital-free density functional theory22� 31is a suitable approach
for large systems because its main variable is the electron density,
and it computationally scales linearly with system size; it has
been used in million-atom material simulations.32 In a previous
work, we have shown that the currents and induced� elds
predicted by OF-TDDFT calculations are in very good
agreement with TDDFT calculations for jellium sheets, jellium
spheres, atomistic sheets, and icosahedron clusters.21

The OF-TDDFT equation is a time-dependent Schro�dinger
equation for a single orbital21
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The density-dependent potentialVOFis a sum of the Hartree, the
exchange correlation (local density approximation), the kinetic
energy (Thomas� Fermi), and the atomic potentials. The von
Weizsacker kinetic energy term is included in the kinetic energy
of the time-dependent Schro�dinger equation (eq 1). The atomic
potentials are local pseudopotentials for the valence electrons.
The carbon pseudopotential is generated for graphene using the
approach of ref33. The Al pseudopotential is taken from ref34.
The electron density and the electron current at timet are
de� ned as
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The wave function is represented on a real-space grid and is
time-propagated using Taylor time evolution. A more detailed
description can be found in ref21. In the numerical calculation,
� rst, the ground-state wave function is calculated by minimizing
the energy ofHOF on a real-space grid. The parameters of the
calculation are listed in the� gure captions. The ground-state
wave function is the starting wave function for the time
propagation att = 0.

A few-cycle, 7 fs long 400 nm laser pulse was used in the
calculations with 1.4× 1013 W/cm2 (see Figure 1c). The
strength of the laser� eld is chosen to keep the ionization
minimal but induce a tunneling current in the gap region. This
laser pulse is described by
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where� (t) is a ramping function that ensures that the electric
� eld is zero att = 0,� is the carrier-envelope width,� is the� eld
frequency,E0 is the� eld strength, and� is the carrier-envelope
phase. A� t = 0.02 au time step is used in the time propagation of
the electron orbital.

To analyze the� ow of electrons from one bubble to another,
the� ux of electrons through a given surface,S(for example, the
y� z plane), is calculated as

�� = Š ·A J rt t( ) d ( , )
S

OF (6)

where the negative sign is used to give the electron� ux. The� ux
can be integrated in time to give the net electron� ow (summed
� ux) through the surface as
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T
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To study the electron� ow, we de� ned a two-dimensional local
� ux vector by components
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The� ux vector is calculated in cells centered at point (x,z) using
20 grid points for the surface integrals in they� zorx� yplane in
thez- orx-direction and averaging over they-direction. This� ux
vector can be plotted with the density snapshots to show the
result of the ratchet action (see, e.g.,Figure 1a). The� ux vectors
show the net amount of electron density that has passed through
a region and its direction.

We will use two di� erent systems as test examples; both are
periodic in thex-direction which is the direction of the net
electron transport. The� rst one is created from a graphene sheet
(seeFigures 1and2), and the second is a“clawlike” structure
made of aluminum atoms (seeFigure 3). Simulations were also
performed on another aluminum ratchet made from repeating
units of the same structure. This smaller ratchet uses a tip that is

Figure 1.(a) Snapshots of the density with� ux vectors. (b) Excited-state density di� erence. (c) Laser pulse and (d) total electron� ux as a function of
time for the large graphene nanobubble system (the red curve shows the� ux when the system is inverted around thex axis). The vectors represent the
summed electron� ux with the white scale bar in the bottom right being 10 electrons. The ratchet has 14 064 atoms (56 256 electrons) in a box ofNx =
1148,Ny = 16, andNz = 810 grid points with 0.478 au (0.253 Å) grid spacing. The time is in au, and 1. au corresponds to 0.024 fs. The gap size is about
1.4 nm.
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nearly perpendicular to the polarization of the exciting laser
instead of two tips pointed in the direction of the laser.

Figure 1a shows a snapshot of the electron density and the
current vectors elucidating the electron dynamics in the bubbles.
The� gure shows that the electrons� ow from the tip of the lower
bubble to the upper bubble, and in the upper bubble, it is
channeled into the tip and transferred to the lower bubble. The
same is illustrated inFigure 1b using the excited-state electron
density. This density is obtained by subtracting the ground-state
electron density from the time-dependent electron density. The
excited-state density shows how the electrons� ow from the tip
to the bubble with interference like wave propagation super-
posed on the scattering patterns from the individual atoms.
Figure 1d shows the total electron� ux in the middle of the
system. The� ux increases with the laser and keeps oscillating
even after the laser pulse is� nished. These oscillations will
diminish after the electrons become de-excited. The frequency

of the oscillations follows the oscillations of the laser pulse and in
the petahertz range.

Figure 2zooms in the snapshots of the time-dependent
density and current in the graphene structure. The snapshots are
taken when the laser amplitude has its maximum (not all
snapshots are shown).Figure 2a shows the gap region and the
tunneling of electrons.Figure 2b shows the excited-state
electron density. One can see that the electrons mostly come
from the top of the tip, but electrons also leave from the lower
part of the tip. One can also notice that electrons are ejected
from individual atoms.Figure 2c shows snapshots of theZ
component of electron current. It is interesting that the current
extends to the whole nanobubble. The tunneling current from
the tip of the� rst bubble� ows to the opposite side of the second
bubble and is re� ected back toward the tip of the second bubble.
Zooming in to the gap region inFigure 2d, one can see that the
tunneling current from the gap scatters on the atoms on the
opposite surface showing wave interference-like features.

Figure 2.Graphene nanobubbles. (a) Snapshots of the electron density averaged in they-direction. (b) Snapshots of the electrons density di� erence
averaged overyzoomed in around the left tip. (c) Snapshots of the electron current averaged overy. (d) Snapshots of the electron current averaged
overy zoomed in around the left tip. For other parameters, see the caption ofFigure 1.
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Figure 3 shows the current� ow in two di� erent Al
nanobubbles.Figure 3a,b clearly shows the electrons moving

from one bubble to the other one. The laser acts in the verticalz-
direction, and the tips in these cases are pointing in a di� erent

Figure 3.(a, b) Snapshots of the electron density for two di� erent Al structures. (c, d) Total summed electron� ux results throughout the simulation
for the corresponding structures. Periodic boundary conditions are applied in all directions creating an in� nite array of nanobubbles. The snapshots
show an electron packet leaving the sharp tip and passing to the other side. The ratchet in panel a contains 7230 Al atoms (21 690 electrons), in a box
with grid pointsNx = 752,Ny = 16, andNz = 950, with a grid spacing ofdx= 0.478. The smaller ratchet in panel b contains 3615 aluminum atoms
(10 845 electrons), in a box withNx = 592,Ny = 16, andNz = 655 grid points, with a grid spacing ofdx= 0.478. The gap size is about 1.2 nm.

Figure 4.Wavelength dependence of the electron� ux. (a) Lasers pulses. (b) Summed� ux. These calculations used the same shape as is shown in
Figure 1, but the size is reduced to 3534 atoms (14 136 electrons) in a box withNx = 584,Ny = 16, andNz = 440 grid points with 0.478 au grid spacing.
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direction than the laser. However, that does not matter, as once
the laser excites an oscillation in the structure, the electron
current couples to the other direction due to the shape and angle
of the lobe part. The tip has the greatest� eld enhancement, so
that is where the electrons come o� .

Figures 1d and3c,d show the� ux through they� z plane as a
function of time in the nanobubble systems. The� gures clearly
show the net electron transport in thex-direction between the
bubbles. The graphene system has a net rightward� ow of about
3 electrons after the laser has ended. The aluminum structures
have greater numbers of electrons transported, but the Al
systems are also periodic in they-direction.Figure 1d shows the
summed� ux for thex-mirrored system showing that the ratchet
does behave as expected upon inversion of the structure. Also
altering the phase of the laser pulse has very little e� ect on the
ratchet properties of these systems, and a phase di� erence of
180° only produces slight di� erences in the summed� ux curves.

Most interestingly, the tilted Al ratchet system produces the
most net� ow of electrons (Figure 3d). A potential cause for this
is that the other structures rely on the laser� eld to transfer
electrons between the structures. As the laser� eld is oscillatory,
the electrons move back and forth to some extent. However, in
the tilted Al ratchet, the laser� eld only excites the oscillation in
the ratchet and does not drive the transport between the gap.

Finally,Figure 4shows the dependence of the summed
electron� ux on the laser frequency. The electron� ux decreases
with the increasing wavelength. The� ux is lower since fewer
electrons are crossing in the gap when the frequency of the laser
is higher. One can also see that the electron current is modulated
by the laser frequency; the electron current oscillates at the
petahertz scale. The magnitude of the� ux depends on the shape
of the bubble, and by testing di� erent shapes, one can optimize
the design for maximum� ux.

The laser-induced electron current will disappear on a longer
time scale for two main reasons. First, the electron current
excites the electromagnetic� elds, and the induced� elds will
reduce the currents. In an earlier work,20 we have studied this
e� ect, and we estimate that the reduction of current would be a
factor of 2 for the present structures. Second, coupling to
phonons would also have a damping e� ect, but the time scale of
this de-excitation is much longer than the time of the ratchet
e� ect in the present work.

In summary, we have shown that one can use laser pulses to
drive electron current perpendicular to the direction of the laser
in nanodiode-like quantum ratchets. On-chip petahertz
electronic networks35� 37 using bowtie and other nanoantenna
structures have been fabricated and experimentally measured, so
the nanobubble system studied in this work seems to be a
realistic approach. The nanobubble ratchet can be used for the
detection of a carrier-envelope phase of optical pulses and
developing optical frequency, petahertz electronics for high-
speed information processing.
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