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Simulation of laser-induced rectification in a nano-scale diode
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Time-dependent density functional theory is utilized to simulate an asymmetrical jellium model,
representing a nano-scale vacuum-tube diode comprised of bulk lithium. A sharp tip on one end of the
jellium model allows for enhanced field emission upon interaction with an external laser field, leading
to a preferential net current direction. This is verified by comparing the rate of electron transfer
between the effective anode and cathode tips for both the diode jellium model and a symmetric cylin-
der jellium shape for various laser phase parameters. This rate of transfer is shown to significantly
increase with smaller separation distances. With stronger laser intensities, this rate similarly increases
but levels off as local near-field enhancements become negligible. Published by AIP Publishing.
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I. INTRODUCTION

The modern age of electronics was marked by the devel-
opment of the integrated circuit whose foundation was
the semiconductor-based transistor. This technology allowed
for low power consumption, reliability, and intuitive circuit
design, thereby outpacing and replacing the earlier relied
upon vacuum-tube-based implements. Such semiconductor-
based devices have been the backdrop of the advancing field
of electronics for many years; however, as the push for
ultrafast operating speeds approaches the petahertz range,'
the limited electron transport velocity of semiconductor
transistors presents a formidable obstacle. Recent interest in
electron photo-emission from metal nanotips,Z*5 motivated
by improved ultrafast laser-guidance of electrons,®® has
inspired research pointing back in the direction of vacuum
transport as a path towards achieving such higher speeds,
with some prototype transistor devices being fabricated in
the last few years.'*!”

In this study, we focus on the template of Higuchi
et al'’ who take advantage of asymmetric near-field
enhancement of two facing tungsten tips in order to achieve
laser-driven rectification. It was found that by inducing elec-
tron emission from either tip using a few-cycle laser pulse, a
sharper tip may act as an anode and an opposite dull tip may
act as a cathode due to the relative emission rates which allow
for an effective one-way total current. Because of the short
duration of the multi-photon photoemission process, the high
kinetic energy of the emitted electrons, and the sub-micron
separation distance between the opposing tips, it was claimed
that this device was able to operate on the sub-picosecond
time scale. Furthermore, it was noted that faster electron
transport may be possible for smaller separation distances
due to stronger field enhancement and, in the sub-nanometer
separation regime, prominent tunneling channels."®

This investigation of laser-driven nano-scale rectifica-
tion is pursued by means of simulation via real-time time-
dependent density functional theory (RT-TDDFT) applied to
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a jellium model of a lithium cluster. We employ the local
density approximation (LDA) which has been shown, in con-
juncture with jellium models, to yield results which will
resemble the description of electronic excitations in bulk
metal counterparts.'”® In this paper, we choose a jellium
shape which models facing sharp and flat tips and excite the
system with a homogeneous laser field in order to simulate
an induced preferential net current direction. This effect is
verified by comparing transfer rates to those of a geometri-
cally symmetric jellium system—effectively two facing flat
tips. We show that for small separation distances between
sharp and flat tips, the magnitude of the preferential current
significantly increases. Furthermore, we show that this cur-
rent similarly increases for strong laser intensities; however,
as local near-field enhancements become less significant,
electron emission rates from either tip become more similar,
resulting in a leveling off of the electron transfer rate.

Il. MODEL

The shape of our lithium jellium model is that of a cylin-
der with one end capped by a cone—see Fig. 1. Periodic
boundary conditions are enforced so that electron density
leaving from either end of the jellium model travels between
the two sites by wrapping through the boundary of the com-
putational box, a process analogous to the facing tips of
Higuchi et al. The system of study in this work, then, is truly
an infinitely repeating chain of pointed jellium diode devices.
It is worth noting that similar asymmetric structures have
been studied within graphene nanoribbons and shown to pro-
duce rectification effects in areas such as electron transport
across junctions>* and thermal conductivity.?

The sharp tip of the jellium is expected to induce field
enhancement’®?’ which, in turn, is expected to result in
amplified electron emission at that site. The directionally
favored electron emission is expected to lead to a preferen-
tial net current direction traveling in the direction of sharp
tip to flat tip. The flux is to be measured at the midpoint
between the two tips and then integrated with respect to time
in order to determine the effective rate of electron density
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FIG. 1. Schematic of two neighboring cells within the model system, pre-
sented as a two-dimensional slice through the middle. The jellium diode shape
(dark blue) is centered within a periodic computational box of width 27A in
directions perpendicular to the axis of symmetry. The length of the box is
adjusted in order to vary the effective separation distance, D, between the
sharp and flat ends of the diode shape. The sharp cone tip experiences
enhanced field emission (light blue), resulting in a preferential current in the
direction of sharp end to flat end (left to right in this schematic). The flux is
measured at the midpoint between the two tips (red), which is essentially
either the left or right boundary of the box. The dashed line box indicates the
similarity of this model to the facing nano-scale tips of Higuchi er al."”

transfer. The cylindrical portion of the jellium is given a
radius of 3.43 A, with the angle of the cone-shape cap as 80°.
The total length of the shape is then 20 A, in order to yield a
volume corresponding to a cluster of 30 lithium atoms. The
length of the box may be adjusted in order to vary the separa-
tion distance between the tips. We note that while lattice
vibrations are neglected in this model, the time scale of
the present simulations is shorter than that of such dynamics.
Furthermore, the effect of temperature on this system is
expected to play an insignificant role compared to the strong
laser field strengths used.

lll. FORMALISM

In RT-TDDFT, one describes the evolution of the electron
density, p(r,t), by solving the time-dependent Kohn—-Sham
equation

. (9(;3,«(1‘,0 h2 2
lhT: —%V +VKS[p](r7t) d)j(rvt), (D
in order to obtain the time-dependent Kohn—Sham orbitals,

¢;(r, ). The density may then be determined as
N 2
p(r,) =23 |¢;(r, 0, 2)
=1

where N represents the total number of orbitals employed.
The Kohn—Sham potential, Vks[p], is a functional of the den-
sity and consists of three terms: (1) the Hartree potential

1 Jp(r’»t)d,

VH(r? t) = |r_r/| Y

- 471'60

3)

which governs the approximate electron-electron Coulomb
interaction, (2) the exchange-correlation potential, for which
we are using the LDA, and (3) the external potential, Ve,
which corresponds to all other interactions. In this work, the
Hartree potential is determined at each time step by solving
the Poisson equation via fast Fourier transforms. We note
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that the LDA model for the exchange-correlation potential
does not take into account discontinuities that arise as a func-
tion of time and space®® " and influence transport dynamics
such as tunneling rates in molecular junctions and ionization
rates in molecules. While the LDA functional provides quali-
tatively correct results, a more sophisticated functional might
be capable of returning quantitatively accurate transfer rates
for more realistic model systems.

In this simulation, the external potential consists of two
interactions

Vext = ng + Viaser- (4)

The first is with respect to the static, positive background
density

Vg (r)

~1 prg(r ) ar 5)

" 4ne e —v/|

Here, py,,(r) is homogeneous within the boundary of the cho-
sen jellium model shape, where the value is determined
using the density parameter ry = 1.72 A, corresponding to
bulk lithium. The second is that of the external laser field,
which is represented by its associated vector potential A(¢)

1 ) N
Vlaser(ra t) - 2m |A(t)| m A(t) v (6)

This representation is known as velocity gauge and is most
commonly expressed in combination with the kinetic term in
Eq. (1) in order to concisely write a modified kinetic energy
term

T(r,7) = i [—ihV + A(0)]. 7)

The form of the laser field used is a variation of the smooth
turn-on pulse®’

Tt
—Eqsin (—) sin(wt+ @), if 0<r<T,
Elaser( ) = 2T, '

T

®)
—Egsin (vt + @), otherwise,

where T; is the ramping time and ¢ is the phase of the laser.
The vector potential is then determined as

t

At) = —J Ejaser (7')dF . 9
0

The Volkov state basis representation is used to describe
and time propagate the Kohn—Sham orbitals.***® This propa-
gation technique is best suited for describing interactions with
intense laser fields and allows for greater computational
speeds than other conventional propagation methods. The
states used to describe the system at =0 correspond to the
Fourier transform of a real-space grid with a grid spacing of
0.25 A in each direction.

IV. RESULTS

The jellium model system was subjected to a laser of
wavelength 780 nm, polarized parallel to the axis of symmetry,
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which induced an oscillating current in the computational box.
This current,

Noon 1
= Zz—qf»w, OV +—Ap,  (10)

was used to define the resulting flux, determined at the loca-
tion of the plane bisecting the two edges of the jellium
model, z,, as

D(zo,1) = Jj(r,t)é(z—zo)dr (11)

which was integrated over time in order to ascertain the
probability density transfered, Ny,

!

M@:meﬁ. (12)

Figure 2 shows this result for an example scenario of
a separation distance, D, of 30 A, a field intensity, 7, of 1.33
x 108 W/ecm?, and a short field ramping time of
T, = 2.48fs. Here, positive values for Ny, relate to a transfer
of probability density from sharp to flat edges of the jellium
model, i.e., left to right with respect to the schematic in Fig.
1. In each simulation, the small time regime (r < 15fs) was
well described by a linear trending sine curve. This section
was fit by means of linear regression and the probability den-
sity transfer rate, ky, was determined as the slope of the
resulting trend line. The rate of transfer tended to level off
soon after this region in each simulation. This is most likely
due to the increasing amount of high-energy orbitals being
ionized from the jellium and following the field as nearly
free particles. In this way, the near-field enhancement
becomes more negligible to the physics described within the
computational box as the simulation progresses.

The laser phase dependence of the transfer rate is
shown in Fig. 3 for parameters D = 30A and 7 = 1.33 x 10"
W/cm?. A symmetrically shaped cylinder without a cone cap
was substituted in Fig. 3(a) in order to serve as a control test

MAMMM

time (fs)

FIG. 2. Probability density transferred through the plane bisecting the two
jellium model edges (top) for the example case of D =30 A, using a laser
field of I = 1.33 x 10'*> W/cm? and T, = 2.48 fs (bottom). A linear fit (blue)
was fit by linear regression applied to the data sampled between =3 and
t=10 fs (red).
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FIG. 3. Phase dependence of the probability density transfer rate for (a) a
symmetric jellium cylinder shape without a cone cap and with a ramping
time of T, = 2.48fs, (b) the diode jellium model with a ramping time of
T, =2.48fs, and (c) the diode jellium model with a ramping time of T;
= 9.94fs. For results using the shorter ramping time, a sinusoidal fit (blue
line) shifted by an offset along the y-axis (dashed red line) was determined
via linear regression. Each simulation employed parameters D = 30A and
1 =133 x 10" W/cm?.

under geometrically symmetric conditions. In this case, while
the shape of the jellium is symmetric, the phase, in combina-
tion with the short ramp time, provides a source of asymmetry
by significantly lowering the effective potential barrier on one
end of the jellium before the other. This causes a preferred
current direction in the early time steps of the simulation. The
trend observed is well described as a sine curve, whose verti-
cal shift only varies from the zero axis by 0.004 fs~! (1% of
the amplitude). This insignificant offset indicates that no
particular direction along the axis of symmetry is favored
when the influence of the phase is neglected. However, for
the case of the diode shape, Fig. 3(b), the same trend may be
applied with an offset of 0.080 fs~' (40% of the amplitude),
indicating a preferential current in the direction of sharp to
flat edges. A longer ramping time of 7. = 9.94fs was also
employed using the diode shape, Fig. 3(c), in order to demon-
strate positive transfer rates for any choice of phase. In this
case, no such discernible trend was determined.

The dependence of the transfer rate on the separation dis-
tance is presented in Fig. 4. For each value of D, two simula-
tions were performed using a phase of either O or ©. The two
results for k;; were then averaged together in order to eliminate
the phase dependence. Even for the smallest separation dis-
tance of 20 A, the potential barrier is wide enough as to not
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FIG. 4. Separation distance dependence of the probability density transfer
rate for the jellium diode shape using a ramping time of 7, = 9.94fs and an
intensity of / = 1.33 x 10'* W/cm?. Data points have been connected with a
solid line in order to guide the eye.

allow for significant tunneling. The enhanced net transfer rate
for shorter separation distances is due to the faster arrival of
the emitted electron density to the opposite edge of the jellium.
This traveling density, then, interacts with the Kohn-Sham
effective potential well and, thus, is reintroduced to the near-
field enhancement.

This phenomenon is depicted in Fig. 5, in which the flux
as a function of z is shown for both the shortest separation dis-
tance, 20 A, and the longest, 60 A, at t=3.25 fs. This time cor-
responds to the first maximum amplitude peak of the electric
field for the short ramping time of 7, = 2.48 fs. Both choices
of ¢ = 0 and ¢ = 7 are shown for each separation distance in
order to characterize the preferential direction of the current.

For the small separation distance flux curves, ripples
are present near the edges of the jellium, as opposed to the

6 ' i T T
| p=m _

FIG. 5. Flux as a function of location along the axis of symmetry of the jel-
lium shape, here labeled as the z-axis, at t=3.25 fs. Curves dominated by
positive values are related to a laser field with a phase of 7 while those dom-
inated by negative values are related to a laser field with a phase of zero.
Results for both the smallest separation distance of 20A (blue) and longest
separation distance of 80A (red) are depicted, with vertical dotted lines at
£20A indicating the box boundaries of the former case. The location of the
jellium shape is outlined by the black dashed lines near the center. Insets at
the top right and bottom right depict the shapes of the related laser fields as
functions of time. In each simulation, parameters / = 1.33 x 10" W/em?
and T, = 2.48 were used.
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FIG. 6. Intensity dependence of the probability density transfer rate for the
jellium diode shape using a ramping time of 7, = 9.94fs and a separation
distance of D =30 A. Data points have been connected with a solid line in
order to guide the eye.

smooth nature of those of the large separation distance. This
is indicative of the reflection and transmission of electron den-
sity traversing the near vacuum gap between edges and
re-colliding with the jellium. In this case, more electron den-
sity is located near the jellium at any point in time and is, in
turn, subject to the influence of the near-field enhancement.
For the large separation distance cases, the electron density
takes longer to traverse the vacuum region and is more sus-
ceptible to nearly freely following the laser and gaining
energy rather than re-colliding with the jellium edges.

Figure 6 shows the dependence of the transfer rate on
the intensity of the laser field. These simulations were simi-
larly performed twice each in order to average results for
laser phases of 0 and 7. As the intensity rises, so too does the
transfer rate. However, at large enough intensities, as in this
case of around I = 3 x 10" W/cm?, the emission from either
edge begins to become comparable and the trend in the net
transfer rate, k., levels off.

V. CONCLUSION

In conclusion, we have computationally demonstrated
laser-induced rectification by simulating the effects of increased
electron emission due to near-field enhancement within a peri-
odic jellium system with geometrical asymmetry. Such behav-
ior opens the door for new nano-scale ‘“‘vacuum-tube-based”
devices which take advantage of the enhanced transport rate of
electrons in vacuum, as compared to the relatively limited
electron transport rates in conventional semiconductor-based
devices. Our findings show a significant increase in transport
rate when the distance between facing anode and cathode
tips becomes small. Furthermore, we have shown an increase
in the transport rate for higher laser intensities; however, for
high enough laser intensities, the local near-field enhancement
becomes negligible and rectification becomes less prominent.
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