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Abstract: We propose an ultrafast all-optical technique to control and beam
the light emerging from a sub-wavelength slit in a planar gold film by
exciting a transient grating in the area around the slit. A FDTD model is
used to show how excitation of surface plasmon polaritons by the grating
governs the beaming process. Both the grating and the beaming effect are
shown to decay on a picosecond time-scale. An on-off contrast of 5 dB is
obtained for the beaming, with a divergence angle of only 2.4 degrees.
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1. Introduction

The manipulation of light using nanometallic structures has attracted considerable attention in
the last decade [1-13]. The subwavelength control of optical and surface plasmon polariton
(SPP) fields conferred by these structures leads to exciting applications such as extraordinary
transmission [1], subwavelength focusing [2-8], and directional excitation or beaming [2-5].
In particular, a combination of metallic nanostructures with a periodic structure such as a
grating have been proposed as the basis for beam-splitters [11], near and far field microscopes
[12], small divergence angle laser sources [13], and light harvesting silicon photodetectors
[14]. These structures have even been shown to enhance the beaming of classical waves, such
as acoustic waves [15].

It is well known that light emerging from a sub-wavelength aperture is strongly diffracted
[16]. Recently, it was experimentally demonstrated that the diffracted light could be beamed
and controlled by surrounding the aperture with symmetric gratings [2]. Subsequently, there
have been extensive experimental and theoretical studies of the characteristics of the light
emerging from the aperture [3-5, 7-10]. The light beaming is due to the resonant excitation of
SPPs on the aperture’s outer surface, which then diffracts from the grating or the corrugated
surface, and interferes with the light emerging from the slit. Consequently, the characteristics
of the transmitted light are strongly dependent on the grating geometry. In particular, the
angle at which the light is diffracted from or coupled to the grating determines the nature of
the emergent beam [7,8]. Thus, the surrounding grating acts like an antenna that directs the
beam. Conversely, these grating antennas can also be exploited to harvest the light impinging
on the grating and collect it in the aperture region [14].

All the aforementioned designs and applications rely on the fabrication of either metallic
or dielectric permanent gratings on a metal surface. Consequently, grating properties, such as
the period or modulation depth, are static and cannot be readily controlled. Hence, these are
effectively passive devices, with fixed transmittance characteristics. Control of the
transmission from subwavelength apertures with surrounding gratings has recently been
demonstrated using a photo-excited silicon grating [17]. The grating becomes metallic in the
THz regime with the temporal recovery of this system limited by the carrier recombination
time.
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In this paper, we propose and model an ultrafast, all-optical method for the active control
of visible light emerging from a subwavelength slit in a thin gold film. In essence, we adapt
the transient thermal grating (TTG) technique in [18] to actively control beaming on a
picosecond time scale. As shown in Fig. 1, two near-infrared femtosecond optical pulses are
made to interfere in the gold and induce an electron temperature grating. Since the complex
refractive index of gold is dependent on the free-electron temperature, a transient absorption
and refraction grating results. The subsequent electron thermalization dynamics [18-20]
control the beaming of a probe beam as it emerges from the aperture. This approach provides
the basis for ultrafast switching and beaming applications.

The remainder of this paper is organized as follows. Section 2 briefly reviews the
theoretical basis for the process whereby ultrashort light pulses can change the gold’s electron
temperature and consequently alter its complex refractive index. Section 3 outlines how these
thermal effects can be used to generate a transient thermal grating (TTG). Finite-Difference
Time-Domain (FDTD) [21, 22] and Rigorous Coupled Wave Analysis (RCWA) [23] are used
to model diffraction from a grating on a plain metal film; these results are compared to
previous experimental results to verify the theoretical models. In Section 4, the ultrafast
beaming effect from a 50 nm thin gold film with a slit is simulated using the FDTD-based
model. Finally, brief conclusions are offered in Section 5.

Probe

Pump 2

A

Slit

Pump 1

//Gold

~— Glass

Fig. 1. Schematic diagram of a scheme to control light beaming.

2. The two temperature model for gold

The non-equilibrium, electron thermal dynamics induced by the interaction of a high intensity
light pulse with a metal can be accurately described using the Two-Temperature Model [19-
20, 24-26]. The two temperatures, T,,(z,?), refer to that of the electrons (e) and the lattice
() and are taken to be functions of time (¢) and depth into the sample (z). Following earlier
work [20, 26], we allow the excited electrons, not initially in a Fermi Dirac distribution, to
possess a nonthermal energy density, N(z,f), as well as the thermal energy density determined
by a temperature. The dynamics of N, T, and 7, are then governed by a set of 3 coupled
differential equations.

First, energy is instantaneously transferred from the laser pulse with power density P(z,t)
to non-thermal electrons through linear absorption. The non-thermal energy density decays
through electron-electron and electron-phonon collisions with time constants 7, and 7,

respectively so that for a film of thickness d

ON N N
—:————+P(z,t), (L.1)
ot T, T,
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where
(I1-Re,, 1 (t)e “*

1 _ e—a‘,,,d

P(z,1)

B

is the power density absorbed by the sample with /(f) being the time-dependent intensity of
the beam, and R (~0.96 at 810 nm for a d = 50 nm Au film) is the optical reflection

coefficient. The quantity a;f} is the characteristic power deposition depth, which is the sum

[26] of the characteristic optical absorption depth (15 nm for a wavelength of 810 nm) and the
electron mean free path of the initially ballistic electrons; it has a value of ~100 nm.
The time dependent electron temperature is governed by

o o(. oT N
c e O g ) oir_r) N, 12
<ot 82( “azj g(T.-T) T (1.2

where the first term on the right side describes the electron heat diffusion (negligible for a
nearly uniformly illuminated thin film). The second term describes the equilibration between
the electron and the lattice temperatures through a coupling constant g. The last term is the
heating term which represents energy transferred from the non-thermal energy density to the
thermalized electrons. Finally the time dependent lattice temperature is governed by

oT. N
c Lo o(r-T)+2 13
r g(T.-T,) . (1.3)

2
The lattice thermalizes with the electrons after several picoseconds [20] and in general, the

large value of C, ensures that the gold lattice experiences only a small change in temperature;
indeed, changes of hundreds of degrees to T, lead to changes of only tens of degrees to7, .

Although, the cooling of the lattice is not contained in Egs. (1), it depends on heat transfer to
the substrate and typically occurs on a >100 ps time scale. The coefficients in Egs. (1.1)-(1.3)
are given in Table 1.

The elevated electron temperature alters the complex dielectric constant or refractive
index through changes in the occupancy of band states, by changing the electron distribution
about the Fermi-energy and hence the available transitions [27, 28]. For visible light, the
optical properties of gold are primarily determined by the d-band to conduction-band
transitions, and the elevated temperature significantly alters the complex refractive index in
the 520 to 570 nm wavelength region [27]. The use of this model has been validated by
describing the optical properties of bulk gold [19,20, 25, 26], gold nano-particles [29] and the
coupling of light to SPP via gratings [18,30].

We solve the 3 coupled differential equations numerically using the finite difference
discretization of the differential equations; we use step sizes of 1.0 nm and 1.0 as in space and
time, respectively, to ensure convergence of our solution.

Table 1. Parameters Used in the TTM

Symbol Name Value Reference

T, Electron thermalization time 0.5 ps [20]

7, Lattice thermalization time 1.0 ps [20]

C, =T, Electron heat capacity (7)627Tm”>K? [25]

C, Lattice heat capacity 2.5x10°Tm> K [25]

K Electron thermal conductivity 310 Wm - K [25]

e

g Electron-phonon coupling constant 22x10"Wm3K! [25]
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For the 50 nm gold film of this work, because of the large ballistic mean free path of the
electrons the difference between the peak temperature at the front and back surface is < 1%.
Consequently, in what follows we assume that the gold film can be accurately described by a
uniform electron (and lattice) temperature.

3. Model for transient thermal grating

If now we have two pulses with time-dependent intensity /;(f) and /,(f) and they interfere
along a given direction (taken to be the x-axis) on the gold surface, the resulting intensity is

1(x,t)=1,()+ L)+ 21, (t)1,(¢) cos(zxﬂx), 2)
where A is the modulation period. This is given by
A
=, 3)
|s1n 6, —sin «92|

where A is the vacuum wavelength of the pump beams, and 6, and 6, are the incident angles of
the two pump pulses.

From the intensity profile and the periodic boundary in the direction of the grating, we
calculate the electron temperature grating in the gold. We then employ the model of Rosei e?
al [27] to translate the different electron temperatures into changes in the gold dielectric
function. Lastly, we use this effective dielectric function in the FDTD simulations of the
optical beaming effect (section 4). Where needed, we use the dielectric function of (the
unheated) gold provided in [31].

The parameters used to calculate the transient change in the dielectric constant and model
the optical beaming are the same as those used in [18] where, experimentally, it was
demonstrated that an optically induced grating, as discussed above, could be used to couple
light to SPPs on a planar gold film (without a slit). These parameters are: two 150 fs full-
width at half-maximum (FWHM), 810 nm pulses that interfere on a 50 nm thick gold film.
The angles of incidence and peak intensities of these beams are 6, ~2° and I, = 7.5 GW cm ™
for pump 1, and 0, ~ 43° and I, = 5.3 GW cm™ for pump 2; this results in a 1200 nm period
grating.

Before we model the optical beaming on a slotted film, to verify the validity of our
approach we model the diffraction characteristics of the grating on a planar gold film without
the slit, using both FDTD and RCWA. Figure 2 shows the simulation results for the
undiffracted transmissivity, 7® and first order diffraction transmissivity, 7Y, for both p-and
s-polarized light, along with the corresponding experimental results from Ref. [18]; the
agreement between the theory and the experiments is clearly evident.

In the experiments reported earlier [18], SPPs are coupled via the grating from a 450-750
nm white light continuum probe. The excitation of SPPs (see Fig. 2b) is confirmed by noting
the difference in the p-polarized signal to an s-polarized signal. The zero-order spectra shown
in Fig. 2b have a weak dependence on the wavelength as the grating and thermal effects are
small. In contrast, the first-order diffraction, shown in Fig. 2a, is strongly dependent on the
induced changes to the dielectric function of the gold, and varies by an order of magnitude
over the same spectral range. From the difference between the s- and p-polarization cases in
Fig. 2b we calculate that the total plasmonic coupling efficiency for the
experiment/simulations is 0.018 at a wavelength of 560 nm.

The temporal dynamics of the grating, and the plasmonic coupling, are as follows [18]: A
peak temperature contrast between the hot and the cold regions of the grating, and hence a
maximum diffraction and coupling efficiency, is reached ~0.6 ps after the pump-probe
overlap. At this time, the energy content of the hot electrons is at a maximum, with the
electrons thermalized but with only a small amount of energy transfer to the lattice. The
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grating then decays as electron energy is lost to the lattice and hence the plasmonic coupling
decays with a time constant < 1 ps.
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Fig. 2. (a) The first-order and (b) zero-order diffraction spectra for the TTG experiment, at the
delay time corresponding to the peak pump-induced grating. In (a) the curves are the
experimental results, taken from Ref. 18, while in (b) they are guides to the eye. In both parts
the results of the FDTD calculations are shown as circles, while those of the RCWA
calculations are shown as squares. In (b), the spectral region where plasmonic coupling occurs
is circled.

4. Transient beaming effect

As shown in the last section, the FDTD technique can accurately model the experimental
diffraction and SPP coupling effects from a transient grating. From the Helmholtz reciprocity
theorem we expect that a grating that couples light to a SPP can also diffract light from the
SPP [7,8] and consequently we should be able to employ our model to characterize the
situation shown in Fig. 1, in which we expect beaming to occur on ultrafast time-scales. Since
the dynamics of the beaming depend on those of the grating, we expect a beaming window
that closes in ~1.0 ps.

In Fig. 3 we show the results of FDTD simulations for a continuous 560 nm probe that
impinges on a 50 nm gold film with a 100 nm slit, for different time-steps. A 1.0 nm square
grid cell is utilized. In the sub-plots we show the intensity of the light emerging from the slit
(at the bottom) for different time delays, relative to the arrival of the pump pulse; for clarity,
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the intensity in all sub-plots are normalized to the maximum intensity present for p-polarized
light at the time delay corresponding to the highest contrast grating (Fig. 3d).

Electric field intensity (a.u)

1.0

0.8

S —_—

{d" . e ('e) T

D6ps 1.0 ps

Displacement (um)

Displacement (um)

Fig. 3. (Media 1) The spatial distribution of the electric field intensity of the light that is
transmitted through a sub-wavelength slit (located at the bottom, at 0 on the horizontal scale) in
a 50 nm thick gold film, for different delay times. The polarization of the light is shown in the
upper right corner of each figure: (a) to (h) are for p-polarized light, while (i) is for s-polarized
light and is shown for the same delay time as in (d). All figures are normalized such that a
value of 1 corresponds to the highest intensity in (d).

The dynamics of the beaming are clearly seen in Figs. 3(a-h) for a p-polarized probe.
Shortly before overlap (a) very little beaming is seen. Then, as more energy is absorbed by the
gold and the grating contrast is increased, so too does the magnitude of the beaming, as is
seen near the center of (b) and (c); this beaming is maximal at £ = 0.6 ps (d). Subsequently, as
the grating decays, so too does the amount of beaming that occurs (e-h). Clearly, the beaming
is dependent on the presence of the grating.

We attribute this beaming to the resonant excitation of SPPs on both surfaces of the film
by the TTG. We verify this by repeating the FDTD calculations at t = 0.6 ps, this time for s-
polarized light (i). Here we observe no beaming, in comparison with Fig. 3d, supporting our
hypothesis. We further confirm the presence of SPPs by zooming in on the area immediately
surrounding the slit, for # = 0.6 ps, and for both polarizations (Fig. 4). Again, the SPPs are
seen as modulations of the electric field on both sides of the gold film for the p-polarized light
(Fig. 4a), but they are absent for s-polarized light (Fig. 4b). Consequently, it is evident that the
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beaming is caused by the TTG, which couples light to SPPs both enhancing and beaming the
transmitted light.
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Fig. 4. The electric field intensity in the area immediately surrounding the slit for both (a) p-
polarized and (b) s-polarized excitations. The gold film and the slit are shown in blue lines.
The plots are normalized in the same manner as Fig. 3.

To better study both the spatial behavior and the dynamics of the beaming we show the
spatial distribution of the electric field intensity at the distance of 20 pm away from the slit,
for select delay times, in Fig. 5. For a time delay of 0.6 ps the main peak of the intensity
profile has a FWHM of 1.75 um, corresponding to a divergence angle of 2.4 degrees; this
value is comparable to, but slightly smaller than, that reported previously [2].

We show the maximum intensity at a distance of 20 um from the slit as a function of the
time delay in the inset to Fig. 5. Due to the TTG, the peak intensity rises from a background
value of 0.31 to 1.0, an increase by a factor of ~3; recall that this increase occurs in ~0.6 ps.
We extract an exponential decay constant from this inset of 1.2 £ 0.2 ps, demonstrating that
the beaming window is indeed ultrafast.

While the enhancement of the beaming that we observe is slightly higher than the one
recently reported in the THz regime [17], it is lower than that reported with the use of surface
relief gratings. In particular, enhancements of the beaming by factors ranging from 7 to 15
have been reported, using double-sided metal gratings [5, 32]. Of course, in these cases there
is no active control of the emergent beam; in essence, since the plasmonic coupling is
mediated in an all-optical fashion, rather than with a static scheme, the overall efficiency of
the beaming is decreased, but it can now be manipulated on ultrafast time-scales.
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The enhancement of the beaming process can be optimized in different ways, such as by
increasing the change to the dielectric constant of the gold. This can be done by increasing the
temperature of the electrons in the metal film either by using higher pump fluence, by using
thinner films, or by increasing the length of the pump pulse. In particular, increasing the pulse
length would also lengthen the time during which beaming occurs.

We note that our scheme for the active control of beaming is both tunable and broadband.
TTG have been shown to resonantly excite plasmons across a broad band of wavelengths,

4
2
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Time delay (ps)

Electric field intensity (a.u.)

Displacement (um)

Fig. 5. The spatial distribution of the p-polarized electric field intensity at a distance of 20 pm
from the slit, for different delay times. The s-polarized intensity for # = 0.6 ps is shown as a
dashed curve. The inset shows the maximum intensity present at each delay time
(corresponding to Fig. 3); the curve is a guide to the eye.

ranging from 520 to 570 nm [18]. Consequently we expect the current scheme to operate in
the same range of wavelengths, albeit with decreasing efficiency both as the wavelength
increases and the pump-induced changes to the dielectric function of the gold decrease [27],
and as the wavelength becomes resonant with the d-band transition at 520 nm and energy is
lost to the gold instead of coupling to a SPP. It is important to note that a change in the
wavelength at which beaming occurs necessitates a change in grating period, as the angle at
which the light diffracts must be optimized.

5. Conclusions

In summary, ultrafast beaming of the light emerging from a sub-wavelength aperture in planer
metal film is demonstrated using FDTD simulations. We show an on-off contrast of 4.95 dB
and that the system recovers within ~1.0 ps. The beaming effect is controlled optically using
the linear absorption of a pump pulse that creates a transient grating on the metal surface.
Simulations reveal that the grating-assisted coupling of light to SPPs on the metal is the
dominant mechanism for the beaming. This type of ultrafast all-optical control can form the
basis for future optical and plasmonic switches.
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