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ABSTRACT: A hser-driven
consists of a series of disconnected bubble

keading to net dectron

electron ratchet nanodevice i Fln[lnlﬂl'ﬂ:-: ratchet |Ilﬂ|"|[
nanadinde stmctnnes wih:ﬂnl:[ll:":ll:n
induce a brge fisld enhancement A beer puke & wed to et o phemon osdlhfion in the
vertical direction, and the shape of the bubble funnels the dlectrons toward the sharp tip
in the horzontal direction. The dlectron oument camies the

* e,

arhital fre= iknil.]rﬁmi:l:inml Ihunqruih nanostrchnes mnl:in'l:l;lhn-:lan& of atoms
EEYWORDS: Rafched w&m ﬁdl‘tﬁ'ﬂiﬂrﬂ, Pelahertz, ﬂnﬂ'!_}'jl:u'ﬁuﬂ !ﬁn}'_,. Bandosecond laser excfafion

lectron ratchets produce directional cumrents fom non-
Em:hml&mn;ﬁrulﬂihuntm#uﬂnﬂthlln
[r.ld:n:, ithis is achisved b}fu.nn!;h:n:-r&[l-mﬂmt Fntmh:hl:-u-
break time-reversal and spatial symmetries in the direction of
h:n:puﬂ_l'_ "' Hectron ratchets have been used for sensing (= g,
tera hertzradiation see refs 9 and 14), for energy harvesting,"* for
ld:ru:i,' or for converting AC. currents or el ectronic nodse to
sable I cuments' In addiion to electrons, nanoscale
ratche s can also h:nlp-urtal:um:.'1
The most |]" used mechanisms in ratchets an=
"flashing” and “tlting”. In fashing ratchets, ' oy
asymmetric potential periodically moves the dectrons between
two shies 'nliin!:nl:dimd,ﬂu source-drain bias osclhtes with
a time average of zero. ™" In these devices, varioms physical
mechanizms lead to the matchet effect induding themmal
In this work, we propose and study a different ele ctron ratchet
based on heer-driven electron tnnndi:!;bchum llnl'[r IiF and
flat surfaces. In this device, the direction of the ele ctron transport
and the driving bser & papendicobr. The generated time-
dependent lectron corrent osdillates at petsherts frequencies
and & modulaied by the fFequency of the driving laser. The
operation of the device is based on the ohs=rvation™ that an
nn:':l'm!;l:n:r[ldm tends to drive a net dectron fhix from a
lhpt'f-m:ﬂ:tmﬁm We have envisioned apﬂiuﬁ:l]ﬂ:em
of “ nanobubble" ﬁ:i:!:ﬂ-:hnlhu'wi:hahplipx it is shown
in Figure l-ﬂhnelhedudrmmm[lﬂtdtnﬂuﬂ:tmrﬁu,
they will bz funnded o a sharp tip through a spedal bubble
shape asa gnide (see Figure 1). The same bser pule then drives
the dlsctrons from the tip to the next bubble. The nanchobbles
are not connected to =ach other, so the net slectron omrrent
along the bubbles (w-direction in Figure 1) is solddy due to the
laser Fuke a-:in!;'n the ar -dinec Gon
We have used the orbitalfres= Iim:nﬂ:[l-mﬂml: ﬂenn'l:_r
functional theary (OF-TODDFTY i our caluhfions The
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orbital -free density functional ﬂrml}'zh" is a suitable approach
Furh!clpbmhmhmmmabkuﬂudmﬂmnm
and it computationally scales Eml}'ﬂihq’ﬂﬂﬂlm!_l it has
been used in millionatom material smultions ™ Ina previous
wark, we have shown that the cuments and induced helds
predicted by OF-TDDFT clmbhtions are in very good
agreement with TDDFT caloulations for jellinm lhn:l:, jelium
spheres, atomistic sheets, and icosahedron duste

The OE-TDDFET ﬂ]n:hnnu :tlne-ﬂ:[l-mﬂmtﬂd:l‘n-i:!:ﬂ'
equation fora ll:dc

[mE - Hm:}f{r_, =0 w
where

Heglr, £) = —ﬁ[—mv, +Alr, 1 + Vaglollr, )
)

The density-de pendent potential Vg is asum ofthe Hartree, the

corel ation I:hnlﬂmli]fwuﬂnaﬁnn},ﬂulindi:
eneTgy [Thomas—Fermi ), and the atomic potentiak. The von
Weirzacker inetic energy term iz incuded in the kinetic energy
of the fime-dependent Schriodinger equation (eq 1). The atomic
potentials are local dals for the valence dlectrons.
The carbon pseudopotential is generated for graphene using the
wmd:nfmfﬁﬁ.Th:ﬂEmﬂnﬁtmﬁlihlmi'mmfﬂ-
m*mﬂmﬁﬂhmmﬂﬁnca‘n
defined ax
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Figure 1.{a) Snapshots of the density with Soxvectors. {b) Excited state density difference. o) Laserpulse and {4 total electron foxasa foncion of
tirne fioer ghe large graph ene e brab hle system | fhened corve shows the flox when the sysem i imveried aroond fhex axis L The wmoiors represent the
warmemed elednon for with the white scale bar in the bogom hti:gll]d:ﬂ'nm.'l‘ltnﬁ:hﬂhu Iqﬂﬂmm{!il.'ﬁ:h:u'm::lhnhnldﬂ"l
1148 N = 16, and M, =& 10 grid points with (.47 8a0 {0253 A) grid spading. The time s in a0,and 1an comresponds to 0024 & The gap siee b aboot

14 reme

Poelrs t) = B (r, )1 ) ()=~ [ dafylr, 8
and

(&)

where the negative sign is wed to give the dectron flux. The flux
can be integrated in time to give the net dlectron fow [ smmmed

Foelr, ) = 2RelP(r, f (—AV, + Al P 0] () ) durough the surfice as

Tl:: wave ﬁ:n-:linn_il rt[rrvml_:cﬂ on a r!_ml-l[ﬂ-n: !iﬂ :n-_ﬂ is 'I’I-l:l'}l _ frdj-ﬂ}l:i-]
tme-propagated wing Taplor ime evadution. A more detailed [ {7
description can be found inref 21. In the numenical cal colation, i

first, the gromnd-state wave function i cakoulated by minimizing To study the deciron flow, we defined a two-dimensional local
the energy of Hoy on a realspace grid The parameters of the flux vector by components

caloalation are bisted in the acaptions. The groundstate
wave function is the ﬂ:rt:::m:nm fmction for the time B, =, 1) =__,'£:°"""'I:l]={’-' t) )
som atf =L
hfmqtl:,?ﬁlunﬂ:lﬂ]nmhn[mkcm wmed in the
calolations with 1.4 % 10° W/an® (se Figure 1c). The Qo z, t) = —Ld-l-!u;{r, t) ®

strength of the bser fidd is chosen to keep the ionfation
minimal but induce a tunneling cumrent in the gap region. This The flux vector is caloulate din cells centered at point (x, 1) using

bser puke is descibed by m!iﬂpcinhﬁu'ﬂumlﬁui:u!ilhﬂu.}—znrr—y[ﬂmeh
. the z- or -direction and averaging over the p-direction. This flux
E(r, t) = By sin{m(t — u/c) + @)1y vector can be plotted with the density maphots to show the

i) result of the ratchet action (see, eg., Figure 1a). The flux veciors
lbnwﬂr:n:tmufdmﬂmilyﬂnth:[ﬂnﬂ]ﬂrm*

where ['(f) is 2 ramping fmction that ensres that the electric a region and its direcion.
fiekd is zeroat = 0, @i the carier-envelope width, o i the field Wi will use two different systems as test examples; both are
frequency; Ey is the fiddd strength, and ¢ & the camier-envelope periodic in the xdirection which & the direction of the net
phase. A Af = 0.02au time step isusedin the time propagation of electron transport. The first one & oreated from a graphene sheet
the el=ctron orhital (see Figures 1 and 2), and the second is a “dawlike® structure
To analyze the fow of dectrons from one bubble to another, made of aluminum atoms (see Figure 3). Simulations were also
Hxﬂunf-:lmﬂrmd:a!iunmﬁu,stﬁrmn‘ﬂqﬂu peformed on another aluminum ratchet made from repeating
y—z plane), i calonlated as units of the same strocture. This smaller ratchet uses a tip that is
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Figure 2. Graphene manabobbles. (2) Srapshots of #ie dectran density averaged in the y-direction. () Snapshats of the elecirons density diference
averaged aver ¥ zoomed inarcand the keft tip (c) Snapshots of the eledtron corrent averaged over y. (d) Snapshots of the electron carrent averaged
ntr;:nnmulh mdhtuw-hnhum,ﬂlﬁtqﬂm d"F*ut 1.

nearly perpendionlar to the of the exdting bhser
instead of two tips pointed in the direction of the bhser.
Figure la shows a mapshot of the dectnon density and the
curent vectom eudidating the electron dynamics in the bubbles.
The figure shows thatthe dectrons flow from the tip of the lower
bubble to the upper bubble;, and in the upper bublle, it is
channe ed into the tip and transferred to the ower bubble. The
same is illnstrated in Fisu.r: llnu'l:l;ll:u: exc ted-state o sctron
density. This density is obtained by subtrac fing the ground state
dmhirﬁmhﬁmﬁﬁpnhtchmﬂmn#m
excited-state density shows how the dectrons flow from the tip
mhbﬂﬂcuﬁﬂcimihmpﬁﬁmm
Pn-ﬂnnllu-:ltﬂ.i:l;[lultmﬁnmlhcinﬁﬁﬂulm
Epelﬂlhu‘llﬁ:hhl:hdmnﬂmhlﬁ:m“iﬂn
system. The flux increases with the beer and keeps osdlhting
even after the higer puke & finiched These oscillations will
diminish after the decirons become de-excited. The frequency

of the cxcill ations follows the andllations of thelaserpules and in
Figure 2 zooms in the mapshots of the &

ﬂmni]r:lnﬂm.uznl:hﬂn lhni:l:n:r_Tlmqﬂmham
taken when the bhser amplilde has its maximum (not all
snajwhots are shown). Figure 2a shows the gap region and the
tunneling of dlectons. Figure b shows the excited-state
electron density. One can see that the decirons mostly come
from the top of the fip, but dectrons also leave from the lower
Fdnfﬁ:ti:.(hnnﬂmmﬁuﬂ:ﬂtdﬂdrmlﬂcindﬂﬂ
from inedividual :l:nnI-Figm: Zc shows lnq_:ﬂ:nl:l of the £
component of dectron curent. It i interesfing that the current
extends to the whole nanobubblz. The tunneling comrent from
the tip ofthe first bubble fows to the oppasite side of the sscond
bubble and is reflected back toward the tip of the second bubble
Zoomingin to the gap region in Figure 2d, one can see that the
mnnﬁn'mmﬂﬁnmhpplnﬂmnnlﬁ:Mnnlhc
opposite surface showing wave interference-like featunes.
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direction than the hser However, that dos=s not matter, as once
the hser excites an osdllation in the stucture, the ectmon
curentcouples to the other direction due to the shape and angle
that is where the electrons come off

Figures l-ﬂ:nﬂ.]c,ﬂlhmﬂuhﬂrm*ﬂu_}'—zphu::
function of time in the nanobubblz systems. The fignres deardy
show the net dectron transpaort in the w-direction betwesn the
bubbles. The graphene system hasa net dghtward flow ofabout
3 dectrons after the hser has ended. The ahminum stmotores
lﬂ'l!!!ﬂ:ﬂ'ml!-ﬂ'l of electrons h:nl[l-u-ltﬂ],l:ntﬂu.ﬂ
systems are also periodic in the y-direction. Figure 1d shows the
summed flux for the e-mimored system showing that the ratchet
does behave as expected npon inversion of the stocture. Also
altering the phase of the hser pulse has very litthe effect on the
ratchet propeties of these systems; and a phase difference of
lﬂfdypuhm:ﬁ#&minﬂummﬂﬂumnEL

Most interestingly, the tilked Al ratchet system produces the
mast net flow of electrons (Figure 3d). A potential canse for this
is that the other structures rely on the bser field o transfer
dlectrons between the structures. As the bser fiedld is oscllatary,
the decrons move badk and forth to some extent Howsver, in
the filted Al ratchet, the heer field only excites the osdlbtion in
the ratchet and doss not drive the hetween the

Finally, Fignre 4 shows the of the summed
dlectron flux on the hser frequency. The dectron flux deoreases
with the increasing wavelength The flux is bwer since fewer
el actrons are oross inﬁ:ﬁ-ﬂbmﬂicﬁﬂ]nm:rnfﬂz baser
il:ﬂunﬂh:nn:hnm:ﬂntﬂummimuﬂuhtﬂ]
by the bser frequency; the dectron cument mclbtes at the
petahertzscale. The magnitude of the flux depends on the shape
of the bubble, and by testing different shapes, one can optimize
the dedign for maximum flux

The heer-indured el cron ooment will ia[lp::rnn a Inn!;-:r
time scale for two main resons First, the sectron omrrent
excites the dectromagnetic fields, and the induced fields will
reduce the coments. In an earkier work,®™ we have studisd this
effect, and we estimate that the rednction of cument would be a
factor of 2 for the present structuores. Second; coupling to
phonons would also have a damping effect, but the time scale of
Ihiﬂu:ﬂdhﬁnnilmd:hn!rﬂnnﬂutinenfﬂmntdut
effectin the present work.

In summuary, we have shown that one can use laser pulses to
drive electron current onlar to the direction of the laser
in manodicdedike quantum ratchets. On-chip petaherts
electronic networks""—" u.n'n!;b-mﬂieanﬂ-nlhu'
structures have been Bbricated and experimentally measured, so
the nanobubble system studisd in this work seems to be a
realistic approach. The nanobubhle ratchet can be used for the
detection of a3 carmerenvelope phase of optical pulbes and
l[n:-nﬂi T Fm-nﬂn'n!.
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