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Abstract: We demonstrate spatial control of optical near-fields by
femtosecond phase shaping in one-dimensional plasmonic structures. The
near-field images display striking temporal-phase dependence, switching
between double- and single-peak images within one lattice constant. The
change of the near-field distribution is studied in the time and spectral
domain. The spectral composition change observed by varying the time
delay between two phase-locked femtosecond pulses explains the spatial
control of the near-field images. Moda expansion calculations of linear
light transmission using the surface impedance boundary condition are in
excellent agreement with experiments.
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1. Introduction

Increasing advances in nanotechnology during the past decade have greatly improved the
understanding of nano-structured metal surfaces, specifically those perforated with apertures,
which possess extraordinary optical properties owing to the presence of surface plasmon
polaritons excitations.[1-6] Surface plasmon polaritons (SPP) are surface-bound waves at the
metal-dielectric interface, owing their existence to the surface charge density of the conductor.
The surface-bound nature of SPP gives rise to the exciting possibility of overcoming the
diffraction limit of light.[7, 8] For example, SPP in nano-optic systems enable one to build
subwavelength scale optic circuits, which include components for propagation,[9-11]
diffraction[12], and reflection,[13] etc. With integration of these nano-optic components, the
issue arises how to transfer energy to a desired spatial position with subwavelength precision.

It has been theoretically explained that the spatial position of maximum field enhancement
in inhomogeneous nano-systems can be controlled with chirping[15, 17] and also by varying
the phase delay between two controlling femtosecond pulses.[14] Femtosecond evolution of
localized hot spots and resonant surface plasmons in mesa-structured Ag gratingg 18, 27, 28]
and on a circular disk array[16] have been coherently controlled using the phase and
polarization shape of the ultrafast excitation pulses. Though these “hot spots’ have many
advantages in nano-probing[19] and in sensing single molecules,[20] their inherent
randomness precludes a straightforward control of nano-optical patterns formed by
femtosecond laser pulses.

In this paper, we designed and studied a nano-optical model system for plasmonic
femtosecond phase control, in such a way that the results are essentially understandable in an
analytical way. In one-dimensiona periodic nanodlit arrays, an accurate modeling of near-
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field patterns, including their temporal and spectral dependencies, is possible when using a
diffraction order expansion method together with the surface impedance boundary matching
condition (SIBC).[3, 21, 22] We demonstrate strong variations of the near-field profile,
reflecting the phase delay selective localization of SPP fields by femtosecond pulses, in close
agreement with predictions from model calculations.

2. Experiments and results
2.1 On- and off-resonant SPP generations from nanodlit array

Figure 1(a) shows the studied metallic nanodlit array which has a period d=761 nm and a dlit
width 100 nm. 80 nm thick gold film was thermally evaporated onto a 350 um thick sapphire
substrate. Then electroresistance(ER) was spin coated about ~200nm thickness. This ER was
then patterned by electron beam lithography with less than 50 nm resolution. After passing
through the lithography process, patterned ER film was developed. Then the sample is milled
by ion beam milling. In this process, ion beam striked gold particle only in the patterned
region. After this process, the remnant ER was removed. The final array size is 100 um X 100
um, and the incident laser beam was not focused on the sample. The collimation of beam was
seriously considered and the beam size was about 2 mm at the sample stage. This beam size
was pretty much larger than the scanning area, thus we could assume that there was no spatial
distortion of wavefront within scanning area. In this structure, SPP modes can be resonantly
excited by TM polarized light via grating coupling at either the air-metal or sapphire-metal

interfaces. The resonances are characterized by the grating momentum nG (n=%t1, £2, £3, ...),

with G=2r/d, transferred to the incident light. The experiments reported here are performed
with laser pulses centered around the lowest order AM[+1] resonance a the air-metal

interface at Ag, = do/€,, /(€,, +1) = 780nm.[4] Here &, is the real part of the dielectric

constant of gold.
In this case and for monochromatic light, the transmitted near-field profiles

o

. . . 2
1 (X) = _ﬂexp(—l at){ty- 5(X) +t,, exp(ik x) +t_, exp(-ikx)}| dt , )
are rather well described by a coherent superposition of two field contributions [23, 24]: (i) a
“direct” transmission ty: (x) reflecting the field transmitted through the nanodlits in the

absence of SPP excitations and (ii) the “resonant” excitation of SPP fields at the air-metal
interface.
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Fig. 1. (a). Scanning eectron microscope image of the nanodit array. (b) Near-field
transmission images of the nanodlit array excited by monochromatic light with a wavelength of
780 nm (top) and 840 nm (bottom). The dlit positions are depicted as black dashed linesin (b).
(c) Cross sections of (b) showing the double periodic and the single periodic pattern within one
lattice constant for excitation wavelengths of 780 nm (top) and 840 nm(bottom).

Here, the transmission coefficient t; describes the amplitude of the “direct” transmission
and &(x) describes the corresponding electromagnetic field localized a the dlits. The
coefficients t:; describes the coupling to forward and backward propagating SPP modes,
respectively. In the spectral domain, the interference between these two contributions gives
rise to characteristic, asymmetric, “Fano-like” line shapes in the transmission.[23] For

resonant excitation at normal incidence near 780 nm (Fig. 1(b), top), the transmission is
dominated by the resonant excitation of counter-propagating SPP fields. The coupling

coefficients of forward and backward propagating modes are similar t; =1, and the field

intensity | (X) = 2|t1|2(1+ cos(2k;x)) from Eq. (1). The period of this standing wave

pattern is only half of the dlit period, an unambiguous signature of SPP excitation. For “off-
resonant” excitation a 840 nm (Fig. 1(b), bottom), coupling to SPP modes is strongly
reduced, the field intensity in between the slits vanishes and the field intensity is mainly given

by the direct transmission localized at the dits| (X) = 2|t0|25(x)2. These results support

that near field localization at the region between dlits can be selectively achieved by on- and
off-resonant SPP coupling.

2.2 Time domain study of SPP generation in nanodlit array

In case of the ultrafast pulse illumination, the generated SPP retains an inherent phase from
the excitation pulse. The SPP dephasing time on gold flat surface can be estimated about 150
fsin our wavelength regime [1]. According to our previous result, the dephasing time on the
plasmonic structure was about 30 fs [4].This enables us to perform coherent control of the
spatial images by use of two collinear pulses with awell-controlled time delay.

To control the time and phase delay between two ultrashort pulses experimentaly, we
adapt an actively stabilized Michelson interferometer (MI) as shown in Fig. 2. [25, 29] A
continuous-wave (CW) beam from He-Ne laser (as depicted as dashed line in Fig. 2) was used
for feedback and the femtosecond pulses with a center wavelength of 780 nm from
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Ti:sapphire oscillator was used as the excitation light source (as depicted as solid line in Fig.
2). With external compensation using negatively chirped mirrors, about 20 fs pulse duration is
achieved.

Fig. 2. Schematic diagram for actively feedback Michelson interferometer to control time delay
and relative phase delay between two femtosecond pulses. WP is quarter wave plate for HeNe
laser beam, PD is photo diode, BS is 50:50 beam splitter, Pis polarizer, DL is delay line, PZT
is piezoelectric transducer and NSOM is near-field scanning optical microscope.

A mirror at one arm is placed on a delay line to vary the temporal separation (t) between
the two pulses. A quarter-wave plate for the CW He:Ne laser beam rotates the polarization of
the beam by 90 degrees as the beam is passed through the wave plate twice. A mirror at the
other arm is attached to a piezoelectric transducer without quarter-wave plate. Two
orthogonally-polarized CW beams which come out of the interferometer are transmitted
through another quarter-wave plate. This results in one combined CW beam with a linear
polarization whose angle of polarization is determined by a relative phase between the two
CW beams, that is, the minute difference between the lengths of the two arms (consequently
AT1). The linear polarized CW beam is transmitted through a linear polarizer so that the
transmitted intensity (1) is variable with the angle of the linear polarization. The signal
difference between | and |, from the two photo diodes is used as a feedback signal to servo
PZT in one arm for stabilization. The feedback signal is described as below:

=1, =I cos(¢—2(p+%) , P

where ¢ is a relative phase between the two CW beam and ¢ is a rotation angle of the
polarizer. The feedback process keeps the delay At constant within 50 attosecond. When the
polarizer rotational angle is changed by A, the relative phase delay is changed by A¢=2Ae.
With the help of CW stabilization of Michelson interferometer, the femtosecond pulse
splitsinto two collinear pulses of which time delay is t. In the time domain, the intensity is:

Te (t) =|exp(—i wpt) E(t) + exp(-iao, (t~ 7)) E(t—7)[", ©)

where E(t) is an envelope function and wy is the angular frequency of A,=780 nm wavelength
light. These time delayed pulses were TM polarized (E-field is perpendicular to the dlit
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direction) and normally incident on the nanodlit array from the substrate side as shown in Fig.
3(a). The transmitted near field intensity 1(X, y) in the air-metal interface was recorded as a
function of the tip position (X, y) by using a near-field scanning optical microscope (NSOM)
with Aluminum (Al) coated aperture fiber probe (Lovalite, France).

In our experiment, the pulses were spectrally much broader than the AM[+1] resonance
which allowed us to simultaneously generate on- and off-resonance SPP contributions. The
time delay of 1=13.0 fs was chosen in order to reach a large contrast in the near-field images
when varying the phase delay between A¢=-t and A$=0. The physical meaning of 1=13.0 fs
will be given a full detail in Section 2.3. Phenomenologically, after the first pulse excites on-
and off-resonant SPP coupling modes in nanodlit array, these SPP modes are interfered by the
second pulse-generated SPP modes. With t=13.0 fs and A¢=0 (At=0 fs), the phase of resonant
SPP modes () of the second pulse is identical to that of the first pulse. Thus the strengths of
the resonant SPP modes are increased by the second pulse, which result the double periodic

near-field distribution in one slit period, | (X) = 2|t (1+ cos(2k,X)) as shown in Fig. 3(b).

But with A¢=—n (A1=-1.3fs) phase delay, the SPP distribution by the second pulse
destructively interferes with the existing resonant SPP field because they are out of phase.
Thus the strengths of resonant SPP modes are selectively suppressed by the second pulse. The
resultant near-field distribution shows only the direct transmission localized a the

dits| (X) = 2|t0|25(x)2 in Fig. 3(c) as discussed in Section 2.1. Consequently, the change of

the time delay and relative phase between the two pulsesis an additional degree of control for
the near-field intensity distribution of the nanosdlit array.

10
X (pm)

Fig. 3. (a). Phase control of spatial near field distributions by coherently controlled
femtosecond pulse pairs (schematic). Near field transmission images recorded for excited by
the two pulses of time delay 1=13.0 fs with (b) A¢=0, () Ad¢=—m, respectively. The dlit
positions are depicted as black dashed linesin (b) and (c).

#95545 - $15.00 USD Received 30 Apr 2008; revised 17 Jul 2008; accepted 17 Jul 2008; published 28 Jul 2008
(C) 2008 OSA 4 August 2008/ Vol. 16, No. 16/ OPTICS EXPRESS 12080



2.3 Spectrum domain study of SPP generation in nanoglit array

The results discussed in Section 2.2 can be explained by considering the change in pulse
spectrum composition upon phase variation. To build an analytical model for near field
distribution in the nanoglit arrays, we assumed that the SPP generation process is essentially
linear in our low intensity limit, so that Fourier analysis and modal expansion method are
allowed.[31] The time-integrated spectrum of these two collinear pulses is obtained by
Fourier-transforming Eq. (3) into spectrum domain and is given as

|S()]” o< |E' (@) [1+ cos((@— ar) 7+ 9))]. (4)

Here E (o) is the Fourier transform of E(t) in spectrum domain and ¢ isthe phase delay
between the two pulses such that wyt=2nn+¢ where n=integer. In case of t+At >>At, T mostly
determines the period of the spectral fringes and the additional time delay At=Ad/m, (i.e.
relative phase delay) does not affect the period but only shifts the peak position of the spectral
fringesin Eq. (4).

Figure 4 shows that the spectrum of the incident pulses |S(o)f for 1=13.0 fs, A¢=0 (red
solid line) has a maximum at the SPP resonance (Ay=780 nm). However, the spectrum of
Ad=—7t pulses shows significant suppression around the resonant SPP wavelength (blue solid
line). The time delay of 1=13.0 fs can be explained by comparing |S(m)* with the spectral line
width of resonant SPP coupling in nanoslit array.[1, 31]

= Exp. uncontrolled
104 —Exp. Ap=0
—Exp. Ap=mn
= =Calc Ad=0
= =Cale Ap=—m

0.54

Intensity (arb. units)

Wavelength (nm)

Fig. 4. The time integrated spectrum of coherently controlled incident femtosecond pulses:
without phase control (black solid ling), A¢=0 (red solid line), A¢=—n (blue solid line) with t=
13.0 fs. The dashed lines are simulated spectra of pulse pairs based on the uncontrolled pulse
spectrum.

To consider the effect of spectral composition change on the near-field distribution more
carefully, we calculated the near-field images using diffraction order expansion with SIBC.
For pulsed excitation, the Fourier amplitude t, () of the n" diffraction order is weighted by
S(), so that the near field distribution is described as afunction of position as:
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10 =[3Jit, (@) explik 0+, (@) xp(-i knx)}S(w)dw{ ®

To compare the simulations, which have been performed for all vector components of the
electromagnetic field, to experiment, additional information about the polarization-sensitive
collection properties of the aperture fiber probes is needed. It has been reported that a
circularly apertured fiber tip collects the in-plane electric field component E, perpendicular to
the dlit axis and magnetic field Hy along the dlit axis with approximately the same
efficiency.[26, 30, 31] We therefore assumed an equal coupling ratio for E, and Hy, such that

2 2
the collected intensity is proportional to |EX| +‘Hy‘ .

1.0 —
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Fig. 5. Cross section intensities of Fig. 2(b), (c) (black solid lines) and theoretical simulations
(red dashed lines) from the diffraction order expansion together with SIBC considering the
phase-controlled variation of the pulse spectrum with time delay 1=13.0 fs (top for A¢=0,
bottom for A¢=—n).

The transmitted near-field intensity I(X) calculated in this way is shown in Fig. 5 (top) and
(bottom) as dashed red lines, together, for A¢o=0 and -r, respectively, and is in satisfactory
agreement with the experimental data (black solid lines). The phase-controlled excitation of
SPP fields is clearly established and in the region between the dlits the SPP field is localized
to about 200 nm, which is indeed far below the diffraction limit (~400 nm) of the excitation
pulses. Consequently, the control of the phase A¢ between the two pluses provides important
additional degrees of control of the spatial distribution of the optical near-field confinement
on asub-wavelength scale.
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3. Conclusion

In conclusion, we have shown that the spatial localization of the optical near field can be
controlled by the varying the time delay and the relative phase between a pair of illuminating
ultrashort optical pulses. In the investigated one-dimensional nano-optical system, the
electromagnetic energy is localized at the desired site (here the region between the dlits) with
a resolution well below the diffraction limit, defined by the in-plane wavevector of the
interfering SPP fields. In the present case, the temporal-phase dependent optical near-field
distribution is governed by the spectrally selective coupling to SPP modes. In general, such
ultrafast site selective SPP localization in a nano-system can also be achieved by chirp- or
polarization-shaping of ultrafshort light pulses and is expected to find important applications
in nano-optical systems, specificaly in controlling energy transfer processes on the nano
scale.
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