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ABSTRACT:A laser-driven quantum electron ratchet nanodevice is proposed. The ratchefjyn
consists of a series of disconnected bubble-shaped nanodiode structures with a shat,tip ?o
induce a largeeld enhancement. A laser pulse is used to create a plasmon oscillationdfjthe ,
vertical direction, and the shape of the bubble funnels the electrons toward the shakp tip
leading to net electron transport in the horizontal direction. The electron current carries the g
ngerprint of the driving lasegld. The system is modeled by using the time-dependent
orbital free density functional theory with nanostructures containing thousands of atoms.
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_electrons

Eljectron ratchets produce directional currents from nonerbital-free density functional thédry is a suitable approach
irectional driving forces without an applied net bias. Ifior large systems because its main variable is the electron density,
practice, this is achieved by using time-dependent potentialsatad it computationally scales linearly with system size; it has
break time-reversal and spatial symmetries in the directionlxgfen used in million-atom material simulatidnsa previous
transport. **Electron ratchets have been used for sensing (e.york, we have shown that the currents and indwedesl
terahertz radiation see @&dmd14), for energy harvestififor predicted by OF-TDDFT calculations are in very good
solar cell$pr for converting AC currents or electronic noise toagreement with TDDFT calculations for jellium sheets, jellium
stable DC currenté. In addition to electrons, nanoscale Spheres, atomistic sheets, and icosahedron Elusters.

ratchets can also transport atoms. The OF-TDDFT equation is a time-dependent Soiger

The most frequently used mechanisms in ratchets aggluation for a single orbital
“ ashing and “tilting’. In ashing ratchets®***’ an
asymmetric potential periodically moves the electrons between M — S HOFi (r,t= 0O
two states; in tilting ratchets, the source-drain bias oscillateswith N t
a time average of zéfd? In these devices, various physical
mechanisms lead to the ratcheecé including thermal
excitation over energy barriers, tunneling through barriers, and « = .
wave reection from ggrriers. ’ ? Hol(r, 1) = S%[S' + AID¥ Wk (Y

In this work, we propose and study ardint electron ratchet @)

based on laser-driven electron tunneling between sharp tips and ) .
atsurfaces. In this device, the direction of the electron transpdf€ density-dependent potentiglis a sum of the Hartree, the

and the driving laser is perpendicular. The generated timgxchange correlation (local density approximation), the kinetic

dependent electron current oscillates at petahertz frequencg@§r9y (Thomas-ermi), and the atomic potentials. The von
and is modulated by the frequency of the driving laser. Th eizsacker kinetic energy term is included in the kinetic energy

operation of the device is based on the obsefdatianan  ©! the ime-dependent Satfirger equatiore() ). The atomic

oscillating laser pulse tends to drive a net eleetxdom a potentials are local pseudopotentials for the valence electrons.

: e g e carbon pseudopotential is generated for graphene using the
sharp tip to aat surface. We have envisioned a periodic systeﬁgproach of réfB. The Al pseudopotential is taken frordef

pf“r)anobubblé:tacing each otherwith asharp tipasitis showr?he electron density and the electron current atttiane
in Figure 10nce the electrons are transported tcetwurface, e ned as

they will be funneled to a sharp tip through a special bubble
shape as a guide (Ségure ). The same laser pulse then drives
the electrons from the tip to the next bubble. The nanobubblégeceived: April 6, 2022
are not connected to each other, so the net electron curreRgvised: May 9, 2022
along the bubbles-flirection inFigure }is solely due to the ~ Published: May 13, 2022
laser pulse acting in the perpendiadirection.

We have used the orbitakfrime-dependent density
functional theory (OF-TDDFT) in our calculations. The

1)

where
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Figure 1(a) Snapshots of the density witlt vectors. (b) Excited-state densitgréince. (c) Laser pulse and (d) total electugras a function of

time for the large graphene nanobubble system (the red curve showstiea the system is inverted arounddiis). The vectors represent the
summed electromx with the white scale bar in the bottom right being 10 electrons. The ratchet has 14 064 atoms (56 256 electrdMs} in a box of
1148N, =16, andN, =810 grid points with 0.478 au (0.253 A) grid spacing. The time isin au, and 1. au corresponds to 0.024 fs. The gap size is ab
1.4 nm.

(=1 (92 3 - &
OF 3 (=S SdA LD )
where the negative sign is used to give the elactrdrhe ux

<. can be integrated in time to give the net electvor{summed
L =2R¢ (ntfSi + ArDY) O] (3 ux) througgh the surface asg "

and

The wave function is represented on a real-space grid and is
time-propagated using Taylor time evolution. A more detailed (7)
description can be found in2é&f In the numerical calculation, ] )

rst, the ground-state wave function is calculated by minimizifi§ Study the electrorow, we dened a two-dimensional local
the energy Oflor on a real-space grid. The parameters of the U Vector by components
calculation are listed in thgure captions. The ground-state .
wave function is the starting wave function for the time x(% Z tFS ZdA%F( h9 ®)
propagation dt= 0. Y

A few-cycle, 7 fs long 400 nm laser pulse was used in the .
calculations with 1.4 10" W/cm? (see Figure t). The A% z, tF S A g(r 9
strength of the laseeld is chosen to keep the ionization i ©)
minimal but induce a tunneling current in the gap region. Thishe ux vector is calculated in cells centered at paiptiging

)
A= dt (9
0

laser pulse is described by 20 grid points for the surface integrals ip taerx yplane in
o , thez- orx-direction and averaging overtdéection. Thisux
E(r, ) = Bsin( (1S A+ )eS(wX & @l vector can be plotted with the density snapshots to show the
(5) result of the ratchet action (see, EigLye &). The ux vectors

show the net amount of electron density that has passed through

where (1) is a ramping function that ensures that the electrie region and its direction.

eldiszero at=0, isthe carrier-envelope widths the eld We will use two derent systems as test examples; both are
frequencyk, is the eld strength, andis the carrier-envelope periodic in thex-direction which is the direction of the net
phase. At=0.02 au time step is used in the time propagation oflectron transport. Thest one is created from a graphene sheet
the electron orbital. (seeFigures and2), and the second is‘@dawliké structure

To analyze theow of electrons from one bubble to another, made of aluminum atoms ($égure 3. Simulations were also

the ux of electrons through a given sur&(ée; example, the  performed on another aluminum ratchet made from repeating
y zplane), is calculated as units of the same structure. This smaller ratchet uses a tip that is
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Figure 2. Graphene nanobubbles. (a) Snapshots of the electron density averagdidanttbe. (b) Snapshots of the electrons densiredice
averaged ovgroomed in around the left tip. (c) Snapshots of the electron current averggéd) Sreapshots of the electron current averaged
overy zoomed in around the left tip. For other parameters, see the cdfitianeot

nearly perpendicular to the polarization of the exciting lasefthe oscillations follows the oscillations of the laser pulse and in
instead of two tips pointed in the direction of the laser. the petahertz range.

Figure & shows a snapshot of the electron density and the Figure 2zooms in the snapshots of the time-dependent
current vectors elucidating the electron dynamics in the bubbléé€nsity and currentin the graphene structure. The snapshots are
The gure shows that the electroms from the tip of the lower ~ taken when the laser amplitude has its maximum (not all
bubble to the upper bubble, and in the upper bubble, it i§hapshots are showhigure 2 shows the gap region and the
channeled into the tip and transferred to the lower bubble. THYNNeling of electronszigure B shows the excited-state
same is illustrated fiigure b using the excited-state electron €1€Ctron density. One can see that the electrons mostly come
density. This density is obtained by subtracting the ground-stfﬁ T t?(tehto?. of ge tip, butlelectr?ns ?As? Ir—iavte from the I_owterd
electron density from the time-dependent electron density. Tlﬁ%r o fhe Ip. ne can aiso notice fhat electrons are €jecte

ted density sh h he el he ti m individual atomsigure 2 shows snapshots of the
excited-state density shows how the elecoarBomthe tio 5 honent of electron current. It is interesting that the current

to the bubble with interference like wave propagation SUp&lyiands to the whole nanobubble. The tunneling current from
posed on the scattering patterns from the individual atomge tjp of the rst bubble ows to the opposite side of the second
Figure @ shows the total electronx in the middle of the  pubble and is rected back toward the tip of the second bubble.
system. Theux increases with the laser and keeps oscillatir®ooming in to the gap regiorfilgure @, one can see that the
even after the laser pulse ngshed. These oscillations will tunneling current from the gap scatters on the atoms on the
diminish after the electrons become de-excited. The frequerapposite surface showing wave interference-like features.
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Figure 3.(a, b) Snapshots of the electron density for tvepatit Al structures. (c, d) Total summed electimesults throughout the simulation

for the corresponding structures. Periodic boundary conditions are applied in all directions craaéregray 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
with grid pointdN, = 752N, = 16, andN, = 950, with a grid spacingdxf= 0.478. The smaller ratchet in panel b contains 3615 aluminum atoms

(10 845 electrons), in a box wNh= 592 N, = 16, andN, = 655 grid points, with a grid spacindxf 0.478. The gap size is about 1.2 nm.

Figure 4 Wavelength dependence of the electren(a) Lasers pulses. (b) Summexi These calculations used the same shape as is shown in
Figure 1but the size is reduced to 3534 atoms (14 136 electrons) in a byx&@4 N, = 16, andN, = 440 grid points with 0.478 au grid spacing.

Figure 3shows the currentow in two dierent Al from one bubble to the other one. The laser acts in the zertical
nanobubblestigure 3,b clearly shows the electrons movingdirection, and the tips in these cases are pointing erandi
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