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Tailoring the Ultrafast Dephasing of Quasiparticles in Metallic Photonic Crystals
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The ultrafast dephasing of waveguide-plasmon polaritons in metallic photonic crystal slabs is
investigated in the femtosecond regime by second-order nonlinear autocorrelation. We find a drastic
modification of the dephasing rates due to interaction between localized particle plasmons and optical
waveguide modes and subsequent modification of the photonic density of states. In the strong coupling
regime our measurements give clear evidence for the appearance of ultrafast polaritonic beat
phenomena. All experimental results agree well with theoretical simulations based on a coupled

damped harmonic oscillator model.
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Tailoring the optical density of states by using photonic
crystal structures is one of the key issues in current
compound materials research. The original proposal by
Yablonovitch er al. suggested a reduction of the sponta-
neous emission of two-level systems embedded in three-
dimensional photonic crystals [1]. In addition to semi-
conductor or molecular excitations [2], particle plasmon
excitations, which are coherent collective electron oscil-
lations within a small metal nanostructure, are excellent
candidates for demonstrating this effect. Advantageously,
particle plasmons couple extremely well to the light
modes of the vacuum, and radiative decay is the dominant
dephasing process [3]. Therefore, a photonic crystal made
of gold nanostructures would be a well suited model
system.

Our current investigations on this novel phenomenon
are based on two-dimensional (2D) photonic crystal
slabs, combining metallic nanostructures with dielectric
waveguides. Such structures, which have been manufac-
tured recently [4], support simultaneous electronic and
photonic resonances in the same energy range. By appro-
priate structuring of the sample (see Fig. 1), the interac-
tion of the resonances can be influenced systematically. In
this case, a new quasiparticle [waveguide-plasmon polar-
iton (WPP)] emerges due to strong coupling between the
waveguide modes and the particle plasmons [5]. The
formation of the WPP and therefore the changed disper-
sion relation [6] results in a modified density of states
within the compound system. Especially in situations
where the dephasing mechanisms are dominated by ra-
diative processes, the WPP dispersion has major influence
on the lifetime of the coherent excitations, and therefore
on the dephasing time 7,. Lengthening the 7, time of
particle plasmons is especially useful for surface en-
hanced Raman scattering applications, where the
electric-field enhancement is directly proportional to 7,
[7]. The time constant for the dephasing of the particle
plasmon is given by 7, ! = T;!1/2 + T; 71, where T, de-
scribes the inelastic and 7, the elastic phase-loss pro-
cesses. The inelastic decay of the plasmon population
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occurs by transfer of energy into electron-hole pairs
(nonradiative) and reemission of photons (radiative), the
latter being the main dephasing channel for large parti-
cles [3,8].

Various methods have been proposed for measuring the
dephasing time of metal nanoparticles [7,9—11]. In this
Letter, we investigate the ultrafast dephasing time 7, of
WPPs in a 2D metallic photonic crystal structure with a
nonlinear autocorrelation technique in the time domain.
The influence of inhomogeneous broadening of the reso-
nances is neglected in our discussion. Hence, all obtained
T, times in this Letter can be understood as a lower limit.
We extract 7, for various photonic crystal periods by
fitting the obtained autocorrelation functions with an
oscillator model. If more than one branch of the polariton
is excited by a coherent laser field, ultrafast polariton
beats occur, similar to Rabi oscillations in semiconductor
quantum-well microcavities [12].
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FIG. 1. (a) Sketch of sample geometry with a 100-nm-thick

Ta0,-slab waveguide, (b) scanning electron microscope pic-
ture of the noncentrosymmetric gold nanoparticle array with a
period of a,=a,=400nm, and (c) measured extinction
[= In(7), T: transmission] spectra for the particle period a, =
400 and 520 nm.
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Electron beam lithography was used to prepare 2D
gold nanoparticle arrays on top of a 100-nm-thick
tantalum-dioxide (TaO,) waveguide layer on a quartz
substrate. The particles had a noncentrosymmetric L
shape to optimize the efficiency of second harmonic
generation (SHG) [10]. All metal nanoparticles had the
same length (150 nm) and width (75 nm) of the arms with
a height of 21 nm. They were arranged in rectangular
arrays with a constant periodicity of a, = 400 nm along
the y axis. The periodicity a, along the x axis was
changed in steps of 10 nm from 400 to 520 nm (see
Fig. 1).

In order to study the dynamics of the WPP, we used a fs
time-resolved second-order interferometric autocorrela-
tion technique [13] which is usually applied for ultrashort
laser pulse characterization. A short laser pulse was split
in a stabilized Michelson interferometer into two equal-
intensity pulses with an adjustable time delay 7 and
subsequently focused onto the sample [Fig. 2(a)]. The
second-order autocorrelation function (ACF) for the laser
pulse is obtained by measuring the frequency-doubled
light. As shown in [10], the ACF contains information
about the dephasing time of the plasmon in the
nanoparticles.

The local electric field of the particle plasmon can be
modeled by a damped harmonic oscillator as described in
[13]. In contrast to an undisturbed particle plasmon, the

WPP spectrally splits into three polariton branches [5],
with each branch j having a specific dephasing time Téj).
The resonance frequencies w; were taken from the ex-
tinction spectra of the metallic photonic crystal. Then the

plasmon field E ,(¢) is proportional to
t Aj _ ) .
E,(1) “/ Z_K(t’)e ¥t ’)sm[a)j(t —)]dd, (1)
—00 45 ;

where K(#) denotes the driving force, A; the oscillator
strength, and y; = 1/ Téj) the damping of the resonance
w;. K(1) is given by the coherent sum of the two laser
pulse fields Ejgn(t) + Ejgn(t + 7) from the interferome-
ter. The theoretical second-order ACF can be obtained by
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FIG. 2. (a) Experimental setup for the interferometric auto-
correlation measurement with a stabilized Michelson interfer-
ometer. (b) A second-order autocorrelation function with the
BBO crystal (top) and the optical spectrum (bottom) of the
laser pulse with 7, = 13 fs.

taking the fourth power of the absolute value of E,(#) for
each 7 and integrating over time. The temporal dynamics
of the WPP were determined by fitting the experimentally
obtained ACF with Eq. (1), using A; and y; as fit pa-
rameters. This is a quite simplistic approach. Ideally, the
theoretical model should include the coupling between
the plasmon, the waveguide mode, and the light contin-
uum, giving rise to Fano-type resonances [14].

A Kerr-lens mode-locked Ti:sapphire laser with a pulse
length of about 13 fs and a center wavelength of 810 nm
(1.53 eV) was used as a light source. Experimentally, the
temporal shape of the laser pulse was determined in the
first step. We measured the ACF of the laser in a nonlinear
medium using a 20-um-thick beta barium borate (BBO)
crystal, which had a quasi-instantaneous response to the
laser pulse [Fig. 2(b)]. In the second step, the BBO crystal
was replaced by our metallic photonic crystal structure.
The ACF as well as the laser pulse extinction and the SH
spectra were measured at several photonic crystal periods
a,. A focused excitation with a numerical aperture of
NA < 0.05 was used. The polarization of the laser pulse
was set parallel to the y axis (TE polarization), and a,
was fixed at 400 nm in all measurements. This caused the
TM waveguide mode (at 2.11 eV, propagating in the y
direction) to be far away from the particle plasmon
resonance, implying a negligible influence [15].
Figure 3(a) shows the obtained ACF for three selected
periods a,. For a, = 400 nm, the energy of the quasi-
guided TE mode (1.91 eV) is far away from the plasmon
resonance. In this case, an undisturbed particle plasmon
can be observed at an energy of 1.48 eV [Fig. 4(a)].
Because of the finite dephasing time of the plasmon, we
observed a broadening of the ACF when compared with
the BBO crystal (Fig. 3). By fitting the measured ACF
with the oscillator model described above, the best agree-
ment appears when assuming a single oscillator with
T, = 12 fs. This value is in good accordance with mea-
surements of the plasmon dephasing in gold nanoparticles
by Lamprecht et al. [13]. When changing a, to higher
values, the TE mode of the TaO, slab moves to lower
energies and leads to an increased coupling with the
plasmon resonance. Because of the numerical aperture
of the laser beam on the sample, both the symmetric and
antisymmetric waveguide modes are excited and their
interaction with the particle plasmon leads to the forma-
tion of three polariton branches [5]. For a, = 490 nm, the
two upper polariton branches become visible in the laser
extinction spectra [Fig. 4(b)] at energies of 1.65 and
1.58 eV, respectively. The plasmonlike resonance is
shifted to lower energies, and the spectral linewidth
decreases due to the coupling with the quasiguided TE
modes. The measured ACF shows an obvious modulation
which is caused by the interference of the polariton
branches and is thus a signature of polariton beats. The
beating also leads to a modification of the SH spectrum,
establishing new frequency components [Fig. 4(b)]. The
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FIG. 3 (color online).
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(a) Measured second-order interferometric autocorrelation functions for the laser pulse interacting with the

nanoparticle fields for three different grating periods a, of the nanoparticle arrays, and (b) fitted ACFs with the obtained dephasing
time T, of the polariton branches. The individual ACFs are shifted upwards for clarity in each panel. For comparison, the envelope

of the ACF for the laser pulse using the BBO crystal is shown.

best fit for the ACF was found for 7{" = 20 fs for the

lower polariton branch and T§2’3) = 50 fs for the middle
and upper polariton branches. Spatial electric-field simu-
lations show that at energies between the polariton
branches the electric field is avoiding the metal nano-
particles [6], which leads to a reduced photonic density of
states in this energy region. Therefore, an increased de-
phasing time of the coupled system can be detected. The
even longer dephasing times for the middle and upper
polariton branches are caused by their dominantly wave-
guidelike nature [5,6]. The Fourier transform of the si-
mulated ACF is shown as a theoretical SH spectrum [11]
in Fig. 4(e). The experimental and theoretical peak posi-
tions and peak widths agree reasonably well.

Increasing the photonic crystal period further to a, =
520 nm leads to a stronger coupling between the plasmon
and the waveguide modes [Fig. 4(c)]. The polariton split-
ting between the lower and upper branches reaches ap-
proximately 200 meV. With this splitting of the polariton
branches, we expect a quantum beat period of 21 fs. The
ACF is obviously broadened and shows strong modula-
tions of the wings [Fig. 3(a)]. Using our model, the best
agreement with the measured ACF was obtained with
Tél) = 30 fs for the lower polariton branch and T§2’3) =
48 fs for the middle and upper polariton branches. The
interference of the polariton branches leads to nearly

fully modulated ultrafast polariton beats with a beat
period of approximately 22 fs. This beating should also
be visible as a strong modulation of the SHG spectra in
the frequency domain. The measured SHG spectrum for
this period is shown in Fig. 4(c). Two peaks appear at 3.01
and 3.17 eV at twice the energy of the middle and upper
polariton branches. The middle peak at 3.1 €V is inter-
preted as the sum frequency generation term of the
middle and upper polariton branches. The fact that the
SHG component of the lower polariton branch does not
appear is due to the small laser power at 1.4 eV [see
Fig. 4(a), dashed line]. The Fourier transformed spectrum
of the calculated ACF [Fig. 4(f)] also shows three peaks.
The positions and the widths of the peaks agree very well
with the measured ones. The appearance of the WPP leads
to a drastically prolonged dephasing time when compared
with the undisturbed plasmon dephasing time of T, =
12 fs. As shown in [5], it is possible to tailor the interac-
tion between the plasmon and the light field by detuning
the waveguide mode versus the particle plasmon reso-
nance. This coupling leads to a modification of the den-
sity of states for the WPP. In the case of strong coupling,
the new density of states of the polaritonic system causes
a changed radiative relaxation rate. This allows tailoring
the T, time of the WPP in our metallic photonic crystal
structure.
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FIG. 4 (color online).
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(a)—(c) Extinction spectra (solid red line) and corresponding SH spectra (dotted blue line) of the laser pulse

measured at the nanoparticle fields. (d)—(f) Calculated SH spectra obtained by Fourier transformation of the fitted ACFE Vertical
dotted lines mark the position of maxima in the calculated SH spectrum. In (a) the used laser spectrum is superimposed for

clarification.

In conclusion, time-resolved nonlinear measurements
have shown a prolonged dephasing time of waveguide-
plasmon polaritons in metallic photonic crystals when
compared to an undisturbed particle plasmon. The ex-
perimental results clearly demonstrate that it is possible
to tailor the dephasing of the coherent excitation in
metallic photonic crystals by tuning the coupling
strength between the electronic and photonic resonances.
Good agreement between the measured and calculated
autocorrelation functions show that the damped har-
monic oscillator model can be used to fit the experimental
results with high accuracy. Additionally, if more than one
polariton branch is excited, the large polariton splitting
between the individual branches leads to ultrafast polar-
iton beats in the second harmonic signal. The possibility
to influence the plasmon dephasing time makes such
structures attractive for future plasmonic nanodevices.
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