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Splitting and focusing of light with metal nano-slits
coated with nonlinear Kerr medium
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We demonstrate that a finite number of nano-slits can realize beam splitting and focusing of light by
coating the metallic film surfaces with nonlinear Kerr medium. The numerical simulation shows that the
beam splitting and focusing can be controlled by the incident light intensity. The splitting angle is quasi-
periodically modulated by the incident light intensity, and the focusing length of forward propagating
transmitted light decreases as the incident light intensity increases. These effects are explained by the
surface plasmon polariton Bloch modes and self-focusing theory.
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Since the discovery of extraordinary transmission phe-
nomena of light through sub-wavelength hole arrays[),
there has been renewed interest in the optical properties
of sub-wavelength metallic structures. A series of opti-
cal phenomena, such as beaming, nano-focusing, split-
ting, and nano-guiding of light, have been demonstrated
theoretically and experimentally>=¢. These phenomena
have triggered an explosion of interest in sub-wavelength
structure for designing new types of metallic nano-optic
devices and miniaturization of photonic circuits7=9. A
great challenge that faces sub-wavelength metallic grat-
ing structure research has achieved active control of plas-
monic signals in nano-optic devices!'®. Recently, non-
linear optical devices based on sub-wavelength metallic
structures have been proposed to actively control plas-
monic signals!’' =14 which has great potential applica-
tions.

Previously, Min et al. reported an all-optical switch-
ing structure based on a sub-wavelength metallic grat-
ing containing nonlinear optical materials, which showed
bistable behavior and resulted in a significant switch
effect!*®]. In this letter, we report another function: beam
splitting and focusing of such a metallic sub-wavelength
structure by taking into account of the Kerr nonlinearity
and Lorentz dispersion of nonlinear medium. The struc-
ture is simple and consists of a finite number of metal
nano-slits coated with nonlinear Kerr medium, which can
actively control the splitting angle and focusing length of
output beam by the intensity of incident light, owing to
the nonlinear response.

Figure 1 is a schematic illustration of the structure. It
consists of a 1.2-pym-thick silver film with equal slit in-
terspacing of 1.0 um (center to center) and slit width of
0.4 pm. A TM-polarized plane wave with wavelength of
1.55 pm is normally incident onto the structure from the
left side. We investigate a freestanding slit grating (SG)
consisting of three nanoslits. Although electromagnetic
waves transmitted from a sub-wavelength slit diffract in
all directions, the slits array structure can enhance trans-
mission and channel the beam into a narrow spatial re-
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gion, as shown in Fig. 2. It is believed that surface plas-
mon polariton (SPP) Bloch modes play a major role in
the phenomenon!!'®l. At the metal-dielectric interface,
the SPP is the wave Fropagating along the interface with
the wave vector!!7:18
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where kg is the wave vector of incident wave, 4 is the
permittivity of dielectric, and &y, is the permittivity of
metal. Thus, once the structure is already constructed,
we can actively modulate SPP excitation wavelength by
varying the dielectric constant €4, which can be imple-
mented with Kerr nonlinear medium instead of dielectric
medium adjacent to the metal slit grating.

Now we study the structure consisting of a slit grat-
ing coated with nonlinear Kerr medium. Our finite dif-
ference time domain (FDTD) simulation shows that
even this simple structure can present interesting opti-
cal properties. In the simulation, Drude model e, (w) =
€00 — Wi/ (W? + iyw) with (e, wp,y) = (1.99, 1.35 x
10%¢ rad/s, 9.62 x 10'3 rad/s) was applied to fit the
dielectric constant of metal silver[!?).  Following Zi-
olkowski’s work2%!, the FDTD method treats the non-
linear effect with a finite response time as well as instan-
taneous manner by solving the phenomenological suscep-
tibility equation together with Maxwell’s equation:

D = eLeoE + P- + PN, (2)
PNE = e x (| B E, 3)
N1 1

ot + ;XNL = ;€2E27 (4)

where P represents the Lorentz polarization and PN
denotes the nonlinear polarization, 1, is the linear rel-
ative permittivity, xN" is the nonlinear susceptibility,
T is the response time, and €5 is the Kerr model per-
mittivity. The corresponding parameters are chosen as
T=2x10"1 5 g9 =2 x 10710 m?/V2. Tt is well known
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Fig. 1. Schematic of a metallic film coated with nonlinear
medium. d is the distance between two adjacent slits, w is
the slit width, and h is the film thickness. A TM-polarized
plane wave is normally incident from the left side.
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Fig. 2. FDTD simulation of optical intensity distribution of
freestanding metallic grating with h=1.2 pm, d=1.0 pm
(center to center), w=0.4 um, and the wavelength of inci-
dent light is A=1.55 pm.

that dielectric constant €4 in Kerr nonlineaeredia de-
pends on the intensity of the electric field |E|”:

ca=ea+x"" B, ()

where ¢ is the linear dielectric constant. The Lorentz
dispersion of the Kerr medium is considered and we get

2
(6)

wo
wi —w?+ilw’

where £, is the background permittivity, wy is the

resonant frequency, and I' is the damping coefficient

(I' € w). In what follows, the parameters are chosen to

be €00 = 2.72, wo = 1.88 x 101 rad/s.

Figure 3 shows the FDTD simulation of optical field
intensity distribution (H,) of light emission from the
nonlinear Kerr medium structure. The effect of beam
splitting is clearly demonstrated. The emitted beam is
formed by two side lobes and one transmitted forward
propagation light. The field amplitudes of the incident
light are H, = 5 x 10° V/m (I ~ 4.72 GW/cm®) in
Fig. 3(a), H, = 7x10° V/m (I ~ 9.25 GW/cmZ) in Fig.
3(b), and H, = 1 x 106 V/m (I ~ 18.8 GW/cm®?) in
Fig. 3(c), respectively. It is clear that when the incident
light power increases, the splitting angle of two side lobes
decreases, and the focusing length of forward propagat-
ing light becomes smaller. The splitting of emitted light
can be explained by the excitation and coupling of SPP
Bloch modes to transmitted photons. The SPP modes
are coupled into transmitted light when diffraction from
grating structure provides the momentum conservation

€] = €00 T

Fig. 3. Optical intensity distribution of metallic grating
coated with nonlinear medium. The optical intensities of the
incident light are (a) 4.72, (b) 9.25, and (c) 18.8 GW /cm?.

ksinf = ksp £+ n2n/d, where ksin# is the in-plane com-
ponent of wave vector of the transmitted light, and n
is an integer. From Eq. (5), when the incident light
power increases, the effective refractive index of the
grating increases, therefore, the SPP excitation wave-
length decreases according to Eq. (1). Hence increasing
the intensity of incident light results in the excitation
of high-order diffraction modes which thus leads to the
splitting of transmitted beam. In fact, changing splitting
angle is a quasi periodic action owing to the excitation of
higher order SPP modes. We can periodically modulate
the splitting angle from small to large with changing the
incident intensity. This makes the structure have com-
prehensive potential practical applications.

The modulation of focusing length of forward propa-
gating transmitted light can be explained by self-focusing
of Kerr medium[®!. In order to see the self-focusing ef-
fect, the self-focusing action must be strong enough to
overcome the diffraction action. If the two actions con-
tend with each other, then the beam would propagate
without any change of its spatial profile. This is the
case of self-trapping. However, a small increase or de-
crease of the beam intensity would upset the balance for
self-trapping and make the beam self-focus or diffract.
We find that for our scheme, when the field intensity is
I=472 GW/ cm?, the forward propagating transmitted
light is self-trapped because the self-focusing cancels with
the diffraction. When the field intensity grows from 4.72
to 9.25 GW/cm2, the beam appears to focus because the
self-focusing overcomes the diffraction. When the inten-
sity of incident light further increases to 18.8 GW/cmZ,
the focusing length decreases to about 3.5 pym. Previ-
ous studies on the ablation threshold for silver in the
picosecond regime provide values of about 0.5 J /cm2
and abovel??l| only weakly depending on the pulse du-
ration. For an intensity of 20 GW/ cm”, fluences in the

range from 0.1 to 0.5 J /cm2correspond to pulse dura-
tions from 5 to 25 ps. Therefore, ablation of the silver



March 10, 2010 / Vol. 8, No. 3 / CHINESE OPTICS LETTERS

films will not be critical for the considered parameters.
Hence we can manipulate the focusing length of forward
propagating transmitted beam by varying the intensity
of incident picosecond laser.

In conclusion, we numerically demonstrate the direc-
tionality control of light from sub-wavelength slits in
metallic film coated with nonlinear Kerr medium. The
phenomena of beam splitting and focusing are simulated
using a nonlinear FDTD method. The results clearly
show that the splitting angle can be actively controlled
by the intensity of incident light. We explain the effect by
the excitation and coupling of SPPs along the interface
of metal-nonlinear medium. By analyzing the properties
of the focusing length modulation of forward propagating
transmitted beam, we explain the effect by the theory of
self-focusing of the Kerr medium. Because the structure
is simple and the whole element is formed on a planar
thin film, this study is significant for miniaturization and
integration of optical devices. Compared with conven-
tional metallic arrays, this structure can actively control
the direction of emitted light, which has great potential
applications in optical data storage, nanoscale directional
light sources and emitters.
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