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Ultrafast interferometric measurements of plasmonic transport
in photonic crystals
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We present a novel time-domain experimental approach to the study of the dynamics of surface electromag-
netic wave propagation in a two-dimensional photonic crystal. A surface plasmon polariton is launched by
ultrafast laser pulses and propagates into a photonic crystal, the dynamics of which are measured by an
interferometric cross-correlation method. Plasmon photonic stopgaps are characterized by a single measure-
ment. The dispersion around the stopgaps is determined with a series of angle-resolved measurements.
© 2002 Optical Society of America
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Photonic crystal structures, which typically consist of
materials with periodically varying dielectric proper-
ties,1 –3 show great promise for use in the manipula-
tion of light to an unprecedented degree. If the Bragg
condition is fulf illed, photonic bandgaps can be created.
A photonic bandgap in all propagation directions would
prohibit even spontaneous emission of an atom inside
a photonic crystal.2

The goal of manipulating light on subwavelength
scales requires a different approach to break the
diffraction limit that sets the fundamental length
scale of optical devices. A surface plasmon po-
lariton (SPP) is collective electron excitation that
is spatially conf ined at the metal–air interface4

and propagates as a longitudinal wave. Resonant
transduction of an optical f ield into the SPP mode
of the medium and the reverse can occur as long
as energy and momentum are simultaneously con-
served.4 Therefore, transducing light into the SPP
mode may be the most feasible approach to optical
manipulation on subwavelength and even nanometer
scales.

Understanding the dynamics of the interaction
of light with a photonic structure requires both
amplitude and phase characterization. Conversely,
complete information about the propagating f ield
permits characterizing the photonic crystal’s dielectric
properties and structures. There have been numer-
ous studies of photonic crystals made with cw light5 – 7;
nevertheless, time-resolved studies of photonic crys-
tals are almost nonexistent.8,9 Although time- and
frequency-domain representations of light are equiva-
lent, provided that both the amplitude and the phase
are fully characterized, the majority of frequency-
domain experiments are intensity-based measure-
ments, thus having lost the phase information.
Further, the use of high peak-intensity femtosecond
pulses creates possibilities to exploit the optical
nonlinearity of photonic materials,10 leading to new
approaches to all-optical manipulation of light.
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In this Letter we present a time-domain approach to
the study of the transport of a confined surface wave in
a two-dimensional photonic crystal. The experiments
build on earlier studies of surface-wave propagation
at periodically decorated metallic surfaces11 and SPP
coherent multiple scattering.12 The dynamics of a
SPP propagating in a photonic structure is directly ob-
served by interferometric correlation measurements.
The broad bandwidth of the ultrashort pulses makes
it possible to identify plasmon stopgaps in a single
measurement and to construct a dispersion curve
about these stopgaps from a series of angle-resolved
measurements.

The laser system and the experimental setup
have been described elsewhere,12,13 so only their
key aspects are summarized. The femtosecond
laser pulse train from a home-built cavity-dumped
Ti:sapphire oscillator was sent to a noncollinear
Mach–Zehnder interferometer to generate two
pump–probe pulse pairs with a controlled time de-
lay. One pulse pair, focused into and recombined
by a moiré grating, was used to generate a refer-
ence interferogram. The other pair of p-polarized
beams was directed and focused to the hypotenuse
of a hemispheric prism at the appropriate incident
angle to launch the SPP. The attenuated total in-
ternal ref lection and the conical emission that occur
at the resonant angle for smooth metal f ilms indicate
SPP excitation.4 A plasmonic photonic crystal was
fabricated by decoration of a thin Ag film with a mono-
layer of polystyrene beads. Because the refractive
index of polystyrene is significantly larger than that
of air (n � 1.59 and n � 1, respectively), the surface
plasmon was strongly scattered as it encountered the
Ag film–polystyrene triangular lattice.

The sample shown in Fig. 1A consisted of a mono-
layer of closely packed spheres (right-hand two thirds
of the image) on a smooth Ag film. The image in
Fig. 1B was obtained when the laser beam was focused
in the smooth film region. The propagating SPP was
© 2002 Optical Society of America
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Fig. 1. A, Optical microscopy image of the plasmon pho-
tonic crystal. The sample, consisting of a monolayer of
2.1-mm-diameter latex spheres, covers only the right-hand
portion of the f ield of view and forms a straight boundary.
Image area, 44 mm by 60 mm. B–D, Bragg scattering of
surface plasmons by the lattice structure. The plasmon
is launched at the position indicated by the dashed ovals
and propagates into the crystal indicated by the arrow A.
B, laser beam focused to the smooth film area; C, the edge
of the lattice is away from the launching position of the
plasmon but still within the propagation length; D, the
laser beam is focused onto the perfect-lattice region.

scattered by surface roughness, yielding the bright
spots. Figure 1C shows the optical scattering from
the lattice boundary located at the right-hand edge of
the f ield of view; a standing-wave pattern is clearly
observable. The distance from the boundary to the
center of focus is significantly larger than the focal
spot, clearly showing that the SPP propagates to and
scatters from the lattice. The ref lected plasmon field
interferes with the incident plasmon and forms the
standing-wave pattern shown in the image. The
standing-wave pattern possesses clear directionality
owing to the triangular symmetry of the lattice. As
the lattice is moved closer to the launching point of the
SPP the scattering becomes stronger and the plasmon
penetrates further into the lattice (data not shown).
The image in Fig. 1D is obtained by direction of the
laser to the perfect lattice region. Interestingly, the
propagation was shorter along the forward direction
than orthogonally to it and much shorter than the
propagation distance in Fig. 1C or in simple Ag film.
The lattice inhibits the forward propagation of the
plasmon field but at this wavelength permits relatively
more lateral propagation; the inhibited propagation
results from the plasmon stop band created by the
lattice.

The pump–probe interferograms of Fig. 2 are the
cross correlation between the pump and the plasmon
fields (i.e., the impulse response function of the pho-
tonic crystal) and an (essentially unmodif ied) “idler”
beam. Figure 2A shows the interferogram obtained
when the pump–probe beams are directed to the
perfect-lattice region. The signal shows complex
constructive and destructive interference patterns,
indicating rapid variation of the temporal phase that
results from multiple scattering and the superposition
of different propagation distances of the SPP in the
crystal. The measured interferometric response
shows recurrent patterns that lasted as long as sev-
eral hundred femtoseconds; the decay of the patterns
indicates a loss of amplitude (and coherence) as a re-
sult of propagation in directions outside the detection
angle or from radiative scattering from the film. The
small imaginary part of the Ag dielectric constant also
contributes slightly to the decay. The temporal pat-
tern of the measured signal depends strongly on the
magnitude and the direction of the SPP wave vector
with respect to the lattice direction, as we observed
by monitoring the angle-resolved interferogram and
by rotating the lattice. Figure 2B shows the inter-
ferogram measured when the pump–probe pair was
focused in the smooth film region. Figure 2C shows
the reference interferogram measured simultaneously
with that in Fig. 2A (the same zero of time and phase
relationship).

Qualitatively different modulated interferograms
were obtained from analogous pump–probe measure-
ments from a monolayer of latex spheres upon glass
(i.e., without the Ag film). The signals reported
here result from SPP propagation as verified by
a wave-vector dependence on the attenuated total
ref lection resonance and by the observation of modu-
lated interferograms for the Ag film photonic crystals
even when the pump–probe focus was in the front
of the crystal, as shown in Fig. 2C, a situation that
necessitating plasmon propagation over several tens
of micrometers.

Fig. 2. A, Representative pump-modulated lock-in am-
plifier demodulated interferometric signals measured
from A, the perfect-lattice region and B, the metal f ilm.
C, Simultaneously measured reference interferogram.
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Fig. 3. Spectral amplitude and spectral phase of the in-
terferogram obtained from A, the plasmonic photonic crys-
tal, B, the metal f ilm, and C, the reference. Solid curves,
truncated spectral phase or wave vector of ultrafast laser
pulses measured from the sample or reference. Dashed
curves, spectral amplitudes.

The data were analyzed through the complex re-
sponse function obtained by Fourier transformation,
defined as8 H �v� � A�v�exp�iw�v��, where A�v�
and w�v� are the spectral amplitude and the spec-
tral phase, respectively. The phase is related to
propagation length L and to wave vector k�v� by
w�v� � k�v�L, and the amplitude ref lects the spectral
(hence the energy) content of the optical f ield. The
group velocity of the SPP, ng�v0� � �dk�v��dv�21

v0
, on

Ag films is �0.28 mm�fs (i.e., 0.93 c) determined from
the dielectric constant of Ag at a carrier (angular)
frequency of 2.356 3 1015 Hz.14 Assuming that the
SPP propagates with the same velocity in the crystal
region as it does in the smooth Ag film allows the
propagation length in the photonic crystal to be calcu-
lated and used to scale the spectral phase function to
yield the frequency-dependent wave vector.

The results of this analysis are shown in Fig. 3.
There are clearly two dips in the spectral amplitude
(Fig. 3A) that result from the splitting of the dispersion
curve. Two spectral features within the bandwidth of
the laser are resonant with the modulated Ag film dis-
persion relation and propagate in the photonic crys-
tal film. The intervening peak corresponds to a stop
band for the plasmon; frequency components in this re-
gion are not allowed to propagate. This observation
is in contrast to the case of smooth Ag films in which
only one dip is observed (Fig. 3B), corresponding to a
single-valued dispersion relation.

The plasmonic f ield is strongly modified by the
photonic crystal, which results in abrupt changes
in its wave vector. Figure 3A (solid curve) shows
the largest variations at the same frequencies as the
dips in the spectrum. This result is quite different
from that for the single-valued dispersion–resonance
observed for the Ag thin f ilm (Fig. 3B). The wave
vector of the field associated with the reference is
essentially a f lat horizontal line (Fig. 3C, solid curve),
and the spectral amplitude recovers the laser spec-
trum (Fig. 3C, dashed line). We will show elsewhere
that the dispersion of the two-dimensional plasmonic
photonic crystals can be obtained by a series of
angle-resolved interferograms.

In conclusion, a new approach to the study of the
dynamics of a surface plasmon polariton in photonic
crystals by ultrafast interferometric measurements
has been presented. The high spatial confinement of
the SPP mode relative to the incident optical field is a
promising route to optical propagation in nanophotonic
structures.15,16 The complete field characterization
and analysis approach described here will be an
important step in refining the design and function of
such materials.
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