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We demonstrate ultrafast modulation of the coupling efficiency of free-space radiation to a surface plasmon
polariton mode on a gold film with a PMMA grating overlayer over a broad range of wavelengths �540–700
nm�. We observe modulation magnitudes of up to 14% at the center of the resonance, or 61% at the outlying
regions. The limitations of this method are explored using simulations of the nonequilibrium electron thermal
dynamics of the gold and of the response of the grating structure.
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I. INTRODUCTION

The ability to generate surface plasmon polaritons �SPPs�,
binding light to the surface of a metal, has fired the
imagination of researchers worldwide and has opened new
avenues toward the realization of nanophotonic devices.1,2

One of the major challenges in this field is the ability to
actively control—to switch or modulate—SPPs in such a de-
vice in a fast and efficient manner. In earlier work, active
plasmonic elements such as extraordinary transmission-
based switches3,4 or plasmonic modulators based on phase
transitions in semiconductor5 or organic6 films suffered from
long switching times on the order of microseconds, too slow
for modern information processing technologies, or were
limited to the THz range. More recently, we and our col-
leagues demonstrated that the coupling resonance of free-
space radiation to a SPP mode could be shifted on a sub-
picosecond time scale due to ultrafast heating of free carriers
by ultrashort laser pulses.7 However, the deep gold gratings
used in that study led to a spectral broadening of the SPP
resonance, reducing the magnitude of the shift. Shortly there-
after, MacDonald et al.8 demonstrated ultrafast modulation
of propagating SPPs on aluminum films at 780 nm with a
pulsewidth limited sub-picosecond component related to the
excitation of a spectrally narrow interband resonance cen-
tered at 800 nm, and a 50 ps component related to the relax-
ation of hot electrons. However, both studies reported the
peak modulations of the coupling efficiency to be smaller
than 10%, making high-contrast applications difficult.

In this work, using a dielectric grating on a thin gold film,
we provide a systematic study of the shifts and modulations
of SPP resonances achievable due to electronic heating in-
duced by intense 700 fs laser pulses. We characterize the
response of our system both by varying the pump fluence, as
well as by tuning the SPP resonance between 540 and 720
nm, showing peak modulations between 10% and 20% at the
center of the resonance, and up to 60% off center while
retaining sub-picosecond switching times. We then outline a
method to model this type of plasmonic modulator. As an
example, we employ this model for a gold grating and use
the results to explore the boundaries of this approach to ac-
tive plasmonic control.

This method offers a unique blend of advantages: not only
is this the first broadband demonstration of such plasmonic
modulation but also by careful selection of the excitation

geometry it is possible to modulate each wavelength in either
a negative or a positive fashion. Further, the thermalization
dynamics of the electrons allow for both modulations at
certain wavelengths without changing the excitation
geometry.9–13

II. THEORETICAL BACKGROUND

Our approach to active SPP control, as shown conceptu-
ally in Fig. 1, has a passive as well as an active component.
Passively, a dielectric grating overlayer couples light to a
SPP at the gold-dielectric interface as determined by the op-
tical properties of both materials, as well as the excitation
geometry. Actively, an ultrashort pump pulse excites the free
electrons in the metal and the subsequent nonequilibrium
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FIG. 1. �Color online� SPP excitation and modulation geometry.
�a� A dielectric grating couples a broadband probe pulse to a SPP on
a thin gold film. Transient thermal effects induced by a pump pulse
modulate the coupling efficiency on sub-picosecond times. �b�
Zero-order reflectivity spectra for p-polarized probe pulses incident
at different incidence angles �top axis� show different SPP
resonances.
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thermalization dynamics lead to sub-picosecond modulation
of the optical constants of the metal, and hence to sub-
picosecond control of the SPP coupling.

A. Grating coupling of SPPs

A SPP, the propagating mode of oscillating surface elec-
trons coupled to the oscillations of an electromagnetic wave,
can be described by the following wave vector:14

kSPP = k0� �d�m

�d + �m
, �1�

where k0=2� /� is the vacuum wave vector for light of
wavelength � and �m�d� is the complex dielectric function of
the metal �dielectric�. Since �m�0 it follows that kSPP�k0
which ensures that the SPP remains bound to the surface of
the metal and cannot simply reradiate once it is launched.
Conversely, this momentum mismatch must be overcome to
couple free-space radiation to a SPP mode.

One way to generate the required momentum is with a
grating, as shown in Fig. 1�a�, where the phase-matching
condition becomes

kSPP = k0 sin � + mKG, �2�

where k0 sin � is the component of the free-space momentum
in the plane of the grating, KG=2� /	 is the wave vector of
a grating of period 	, and m is an integer. From this equation
it is evident that the properties of a SPP resonance are,
through kSPP, very sensitive to the dielectric function of both
bounding layers, as well as to the grating geometry. As pre-
dicted by Eq. �2�, it is possible to systematically move the
SPP resonance by changing the angle of incidence, �, in this
system �Fig. 1�b��.

B. Nonequilibrium thermal dynamics

To induce a change to the dielectric function of a metal
we irradiate its surface with an ultrashort pump pulse, trans-
ferring energy to the free electrons through the absorption of
the incident photons.10 Although the electrons are initially in
a nonthermal distribution,11,12 electron-electron collisions es-
tablish a temperature within �500 fs, after which the elec-
trons can be described by Fermi statistics. Subsequently,
electron-phonon collisions transfer energy from the electrons
to the lattice, leading to a thermal equilibrium of the entire
system in several picoseconds. This process can be described
by the following system of coupled equations:11
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where

P�z,t� = �1 − R0��e−�zI�t�

is the power density absorbed, as a function of time, t, and
depth, z, into the sample, from the incident beam with a
temporal intensity profile I�t�= I0 exp�−4�ln 2�t2 /
p

2� given a
peak intensity I0 and a full width at half maximum �FWHM�
pulse length 
p, coefficient of reflection R0, and coefficient of
extinction �. In the above, N is the nonthermal energy den-
sity, Te��� is the electron �lattice� temperature, 
1=0.5 ps and

2=1.0 ps are the electron and lattice thermalization times,
respectively,11 Ce��� is the electron �lattice� heat capacity, Ke
is the thermal conductivity of the electrons, and g is the
electron-phonon coupling constant. For our system, other
than 
1�2�, the relevant parameters can be found in Ref. 15,
though the extinction coefficient needs to be adjusted for an
increased penetration depth of 100 nm due to the ballistic
nature of the excited electrons.16

By solving the above equations we obtain the time depen-
dence of N and Te, each of which contributes to the change
in the carrier distribution in the conduction band. We show
these in Fig. 2 for irradiation with a 700 fs, 775 nm, and
80 mJ cm−2 pump pulse which results in a peak electron
temperature of 945 K. For gold, the change in occupancy is
centered about the d-band transition resonance, located near
the Brillouin zone L point corresponding to a wavelength of
520 nm. It is interesting to note that during the early part of
overlap, as energy is transferred from the pump pulse to the
electrons, the change to the distribution function is mainly
governed by the photon energy and intensity of the pump
beam. Consequently, the broadband nature of the nonthermal
distribution allows for sub-picosecond modulation of the di-
electric function over an energy range well beyond what is
possible due to thermal effects;12 for example, for a pump
pulse centered at 775 nm as used in this study, the effects of
the thermal distribution extend from 400 to 650 nm, while
the impact of the nonthermal distribution range from 300 nm
and beyond 1500 nm.

The change in occupancy leads to a change in the imagi-
nary part of the dielectric constant.9 The Kramers-Kronig
relation is then used to calculate the corresponding change to
the real part. This procedure, then, yields the transient

FIG. 2. �Color online� Change in occupancy of electronic states
in gold for Te=945 K. Both the initial nonthermal �blue, 50� mag-
nification� and the subsequent thermal �red� distributions, as well as
the spectral region containing the plasmonic resonances �shaded�
are shown.
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changes to the frequency-dependent dielectric function of
gold due to irradiation by ultrashort pump pulses.

In the spectral region where we demonstrate the operation
of the SPP modulator, with photon energies below 2.38 eV
�520 nm�, the change to the optical properties can be under-
stood as follows: the pump pulse excites electrons from pre-
viously filled electronic states in the conduction band to
those above the Fermi level. Subsequently, the greater num-
ber of possible transitions cause the probe pulse to sense a
positive change to the imaginary part of the dielectric con-
stant, and a corresponding change to the real component.
Since the coupling properties of light to a SPP are intimately
dependent on the dielectric constant of the metal �Eqs. �1�
and �2��, the probe pulse experiences a modulation of its
coupling efficiency.

III. EXPERIMENTAL RESULTS AND DISCUSSION

We excite SPPs on a thin gold film with a polymethyl
methacrylate �PMMA� grating overlayer. This is fabricated
using the following procedure. First, we evaporate 200 nm of
gold onto a silicon �100� wafer, with a 20 nm intermediate
layer of Chromium for adhesion. We then spin 200 nm of
PMMA onto the gold, into which we expose a 820 nm period
grating via e-beam lithography, which we then develop. We
ensure that resultant grating has a square profile with a pe-
riod of 820 nm and an amplitude of 200 nm with a scanning
electron microscope.

The transient experiments were performed using a pump-
probe setup �Fig. 3�. First, we couple a 700 fs �FWHM�
broadband �450–750 nm� continuum �140 
m FWHM� to a
gold film using a 820 nm period PMMA grating at different
excitation geometries. The continuum is generated by focus-
ing �5 mW of light, from a 1 kHz Ti:sapphire laser ampli-
fier operating at 775 nm, onto a sapphire window. Once a
plasmonic resonance is identified for p-polarized light, we
modulate the SPP coupling by pumping the gold film with
the remainder of the 775 nm light �570 
m FWHM� which
does not interact with the PMMA but induces a transient
nonequilibrium carrier population in the gold as described in
the previous section.

A. Sub-picosecond control of plasmonic coupling

We monitor the change to the coupling efficiency by vary-
ing the time delay between the pump and the probe and
recording the zero-order reflectivity spectra �Fig. 4�. Here the

reflectance is given as a function of both delay time and
wavelength �Fig. 4�a��. The plasmonic resonance is seen as a
large dip centered at 603 nm. By considering the magnitude
of the dip relative to the spectra before the pump arrives, we
can extract the transient change to the coupling efficiency
from the zero-order reflection as a function of both the delay
time and the wavelength �Fig. 4�b��. For clarity, this change
is also given at fixed delay times as a function of wavelength
�Fig. 5�a�� and at fixed wavelengths as a function of time
�Fig. 5�b��.

Considering the ambient reflectivity of �75% in the re-
gion of the resonance �Fig. 4�a��, we extract a SPP coupling
efficiency of �70% near the center of the resonance at 603
nm. At this wavelength, at the peak of the pump induced
changes at 0.8 ps �lower dashed line in Fig. 4�b�� �10% less
light is coupled to a SPP mode, resulting in a coupling effi-
ciency of �60%. We define the pump-induced modulation to
the coupling efficiency as

M�t� =
��

�0
=

��t� − �0

�0
, �4�

where �0 and ��t� are the SPP coupling efficiencies before
the pump pulse arrives and at time t, respectively �Fig. 6�.
The above situation results in a peak modulation of Mmax=
−14%. However, there exists a balance between the magni-

FIG. 3. �Color online� Schematic of the experiment.
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FIG. 4. �Color online� Ultrafast modulation of a single plas-
monic resonance. �a� Zero-order reflectivity spectra as a function of
time delay between pump and probe. The region of interest is
bounded and shown in �b� as the change in the percentage of the
initial probe light couples to a SPP, again as a function of time and
wavelength.
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tude of the coupling efficiency achievable, and that of the
peak modulation. Considering the cross-section of the peak
changes in coupling efficiencies �Fig. 5�a�� we see that, near
623 nm, there is a 10% increase in the coupling efficiency.
As this spectral region is further away from the center of the
resonance, less light ��0=16%� is initially coupled to a SPP

mode. Consequently, at the peak of the changes, �max
	26% leading to Mmax=61%. That is, the peak modulation
can be increased at the cost of the absolute coupling effi-
ciency and vice versa. We attribute the asymmetry in the
location of the peak-coupling efficiency changes, relative to
the center of the resonance, to the fact that both the real and
imaginary parts of the dielectric constant are changed during
the pumping process. Consequently, as a closer examination
of Fig. 4�a� reveals, not only does the resonance shift but it
also broadens, resulting in a redshift of the ��, or Mmax,
spectra.

The sign of the modulation of any given spectral compo-
nent depends on whether it is located on the long- or short-
wave side of the SPP resonance. As we show in the follow-
ing section, the �� spectra of a resonance centered above
560 nm redshifts, resulting in positive modulations on the
long-wave side and negative for shorter wavelengths. Con-
versely, below 560 nm the SPP resonance blueshifts and the
regions of positive and negative modulations reverse. We
attribute this to the different slope of the induced change in
the real component of the dielectric constant at different
wavelengths; at wavelengths shorter than 560 nm it is nega-
tive, while for longer wavelengths it is positive, and, recall-
ing Eq. �2�, this leads to resonances in the two spectral re-
gions shifting in opposite directions. Consequently, with
careful consideration of the excitation geometry, a positive or
negative modulation can be induced at any wavelength. As
discussed above, the different times and processes by which
the electrons and the lattice reach thermal equilibrium11 have
an intriguing effect. It is often possible to first modulate the
SPP coupling with one sign and then, within a few hundred
femtoseconds, to reverse the sign �Fig. 5�b��.

From these results and in particular from Fig. 5�b�, we
extract the time scales associated with this switching. The
peak modulation to the coupling efficiency occurs about 800
fs after temporal overlap, when most of the pump-pulse en-
ergy has been transferred to the electrons in the metal and
before it can be dissipated to the lattice or spread due to
diffusion. Given our pulse lengths, this peak time is consis-
tent with accepted thermal models.10,11 By fitting an expo-
nential decay to these curves, taking account pump and
probe convolution effects, we extract a time constant of
about 770�70 fs which is consistent with earlier
observations.13

B. Fluence and wavelength dependence

To characterize this method of SPP modulation we repeat
these measurements, as outlined above, for different pump
fluences �Fig. 7�a��, holding the initial resonance at 603 nm,
and for different resonances �Fig. 7�b��. The peak modula-
tion, Mmax, increases in a nonlinear fashion as a function of
the pump fluence, to a peak value of about 60% for pump
fluences of 60 mJ cm−2 �Fig. 7�a��. This is both expected, as
the thermal dynamics of the carriers are highly nonlinear,11

as well as confirmed by earlier studies.13 We find that the
sample degrades at fluences �75 mJ cm−2, related to multi-
photon absorption induced damage to the PMMA grating.17

At this threshold, we have observed modulation of almost

FIG. 5. �Color online� �a� Wavelength-dependent changes to the
SPP coupling at peak �0.8 ps� and long �2.0 ps� delay times. �b�
Transient changes �and modulation—dotted line, right axis� of the
SPP coupling efficiency at 599 and 623 nm.

FIG. 6. �Color online� Explanation of the coupling efficiencies.
We show two zero-order reflectivity spectra, vertically shifted for
convenience, representing the initial �t=−�� and pumped �t= t1�
situations along with their respective coupling efficiencies at 550
nm, �0 and ��t1�.
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100% for wavelengths between 540 and 560 nm. We suggest
that this modulation can be recovered, and the damage to the
grating can be avoided either by moving to metallic gratings
or by increasing the length of the pump pulse. The latter
solution, in particular, is attractive since previous studies
show that increasing the pulse length leads to an increase in
the effective nonlinear changes to the optical properties of
the metal.13 Using the former approach, as we have done in
our earlier study,7 results in a more robust structure but com-
plicates the fabrication process.

We demonstrate that modulation of SPP coupling can be
achieved across a broad range of wavelengths by studying
the shifts for plasmonic resonances at different wavelengths,
holding the pump fluence constant at �50 mJ cm−2 �Fig.
7�b��. As expected �Eq. �1� and �2��, the peak shifts to the
center of the resonances follow the relative changes to the
real part of the dielectric constant in the spectral region
considered. More interesting, we observe high modulations,
in excess of 20%, for all visible wavelengths above 540
nm and only slightly smaller changes for wavelengths as
long as 700 nm. As noted earlier, the peak modulation de-
pends nonlinearly on the pump fluence, suggesting that

modulation in excess of 50% is possible for this entire re-
gion.

IV. SIMULATIONS

In the previous sections we have demonstrated that active
control of plasmonic coupling can be achieved with a dielec-
tric grating on top of a gold film. In earlier work, we showed
that this type of control is also possible for gold gratings and
that the modulation is due to the optically induced transient
thermal dynamics of the electrons in the metal.7 In what
follows we present a procedure that can be used to fully
model the response of these plasmonic couplers. Since the
underlying physical process causing the modulation for both
types of gratings is the same we focus our simulations on the
gold grating. We would expect to recover good qualitative
agreement for both types of experiments, and it is only the
quantitative details which will change for each different ap-
plication.

To explore the limits of the thermally induced modulation
of the plasmonic coupling we simulate the response of the
grating coupler using the numerical C Method, as described
by Li et al.18 Briefly, the chief challenge of modeling the
diffraction from a grating lies in the nonplanar interface for
which there are no analytic solutions for the electromagnetic
fields that satisfy the boundary conditions. By transforming
the coordinate system of the problem such that the grating
profile becomes flat we ensure continuity of the electromag-
netic radiation across the interface, though the fields must
also be transformed appropriately. This approach results in a
system of linear equations which we solve numerically to
obtain the diffracted orders �both in reflection and in trans-
mission� for the grating.

We repeat the calculation, keeping the grating geometry—
sinusoidal gold grating with an 820 nm period and an 80 nm
amplitude—with �=19° kept constant, but varying the wave-
length to build the expected reflection spectra �Fig. 8�. For
these calculation we use the complex dielectric function
given in Ref. 19. We can immediately identify the SPP reso-
nance by the sharp dip in the p-polarized spectra, in contrast
with the featureless s-polarized spectra. Like the experimen-
tal spectra �cf. Fig. 4�a��, the location of the simulated reso-

FIG. 7. �Color online� Characterization of modulation and shift
of SPP resonances. �a� Peak modulations as a function of pump
fluence for a SPP resonance at 603 nm. Shown are the peak positive
�red circles� and negative �green triangles�, as well as the modula-
tion at the center of the plasmonic resonance �blue squares�. The
guide lines are exponential fits. �b� The peak shifts of the SPP
resonance, as function of the original center of the resonance. The
gray curve is proportional to the slope of the induced change to the
real part of the dielectric function. The inset shows the peak posi-
tive and negative modulations achievable for different resonances.
Pump fluences are: 45 mJ cm−2 at 540 nm, 50 mJ cm−2 between
600 and 650 nm, and 55 mJ cm−2 at 700 nm.

FIG. 8. �Color online� Theoretically calculated s- and
p-polarized zero-order reflectances for a sinusoidal gold grating
with an 820 nm period and 80 nm amplitude, keeping the angle of
incidence fixed at 19°.
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nances is in good agreement with the theoretical predictions
�Eq. �2��. While the shape of the simulated spectra is the
same as in the experiments, we note the SPP resonance pre-
dicted by this theory is sharper than what we have previously
observed: we predict a FWHM of �25 nm but observe a
FWHM of �35 nm. We attribute this difference to the fol-
lowing: �1� here we simulate a gold grating as opposed to the
PMMA grating on top of a gold film which was used in the
experiment. As noted in the previous section, by selecting a
pure gold grating we are able to pump the system harder, and
can therefore better test the limitations of this scheme. Since
the penetration depth of the SPP into the dielectric is differ-
ent than into the metal,14 we can recover the absolute cou-
pling efficiency in this new case by adjusting the amplitude
of the grating. �2� These simulations implicitly assume a con-
tinuous plane wave, whereas we tightly focus Gaussian
pulses onto the gratings. In particular, the limited spatial ex-
tent of our pulse can be thought of as introducing additional
Fourier components to the grating profile, leading to a spec-
tral broadening.

Using the same pump-pulse parameters, and following the
procedure outlined in Sec. II B, we model the optical prop-
erties of the gold grating as a function of time and wave-
length, and consequently we extract a reflection spectra for
each time step. From these we calculate ��; we show these
results for an 80 mJ cm−2 pump �Fig. 9�, the highest fluence
that did not damage the gold. Qualitatively, this figure is in
good agreement with the experimental results �Fig. 4�b��,
though there are some quantitative differences. These fall
under two categories: differences in the shape of the differ-
ential spectra and differences in its magnitude.

To facilitate the interpretations of these results we present
various cross-sections in Fig. 10. We see the effects of the
two different pump-induced changes to the optical properties
most clearly by examining the location of the SPP resonance
as we vary the delay time between the pump and probe
pulses �Fig. 10�a��. The initial nonthermal effects pull the
resonance toward shorter wavelengths until the thermal ef-
fects can compensate and, eventually, dominate and shift the
resonance toward the longer wavelengths. As one centers the
SPP resonance at longer wavelengths, further away from the
d-band transition resonance, the thermal effects weaken and
the initial blueshift will increase, and the subsequent redshift
decrease.

By considering the transient changes to the coupling effi-
ciency �Fig. 10�b��, we see that the time scales in the simu-
lations match those in the experiments: the peak changes
occur 0.8 ps after overlap, and the system recovers in �1 ps.
The marginally longer recovery time is due to the simplicity
of the model, wherein we assume a perfect sample and limit
the electronic energy loss to heat transfer with the lattice. It
is interesting that, for all delay times, the modulation to the
coupling efficiency is negative, in contrast with the shift of
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FIG. 9. �Color online� Change in coupling efficiency for an
80 mJ cm−2 pump as a function of wavelength and time.

FIG. 10. �Color online� Results extracted from the full time
wavelength-coupling efficiency simulations for a pump fluence of
80 mJ cm−2. �a� The location of the center of the SPP resonance as
a function of the time delay between the pump and probe pulses. �b�
The time-dependent changes, �� �left axis�, and modulation, M,
�right axis� of the coupling efficiency at the center of the SPP reso-
nance �603 nm�. �c� The initial �right axis�, �0, and change �left
axis�, ��, of the coupling efficiency as a function of wavelength at
a delay time of 0.8 ps. At selected wavelengths, the modulation, M,
is shown �circles�.
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the center of the resonance �Fig. 10�a��. This hints at the
complexity of the dynamics of the system: even as the reso-
nance shifts, it also broadens, so that when it is passes
through its original position the coupling efficiency is lower
at the center, but higher for some outlaying regions.

We show the spectra of the changes to the coupling effi-
ciency at a delay time of 0.8 ps, corresponding to the greatest
changes at the center of the resonance �Fig. 10�c��, including
the initial coupling efficiency for completeness. This figure
shows good agreement with the experimental results �Fig.
5�a��, in that the short wavelength side of the resonance ex-
periences a negative change, while to the long-wave side
additional light is coupled to the SPP due to pumping. How-
ever, the changes occur in a narrower range than experimen-
tally observed, a direct consequence of the narrower reso-
nance.

Furthermore, unlike the experimental changes, the magni-
tude of the negative changes is larger than that of the positive
changes. As discussed above, we attribute this difference to
the assumptions inherent in this numerical method, the result
of which is that the shift of the resonance dominates over the
broadening. This nicely demonstrates the advantages of a
narrower resonance and leads us to suggest that, for the prac-
tical applications of this method, the gratings used should be
optimized to provide the narrowest possible SPP resonance.

Another consequence of this feature is that while the
changes at the center of the resonance are greatly increased,
those at the outlying regions are only slightly decreased. As a
reference, we provide the corresponding modulations at sev-
eral points along the �� spectra �Fig. 10�c�, circles�. At the
center of the resonance at 603 nm, where initially 77% of the
light is coupled to the SPP, there is a peak-induced change of
−34%, corresponding to a coupling efficiency of 43% or a
peak modulation of −44%. At the same time, near 618 nm,
there is a peak change to the coupling efficiency of 11%,
corresponding to a modulation of 54%. As a comparison,
recall the peak experimental modulations of −14% and 61%
at the center and outlaying regions, respectively.

There are two more reasons that help account for the in-
crease in the coupling efficiency at the center of the reso-
nance. �1� The simulations employ a pump fluence of
�80 mJ cm−2 while the peak experimental values are for a
fluence of �60 mJ cm−2, as a pure gold grating has a higher
damage threshold than does one made out of PMMA. �2�
When calculating the changes to the optical properties of the
gold �cf. Sec. II B� we assume that the entire probe spot is
pumped by the fluence given. Though the probe size
�140 
m� is much smaller than that of the pump �570 
m�
this assumption still introduces some error.

As both the relationship of the pump fluence to the change
to dielectric function of the gold, as well as the value of the
dielectric function to the response of the grating are highly
nonlinear, they cannot be accounted for before the simula-
tions. Consequently, we calculate �� and M for different
pump fluences, summarizing the results in Fig. 11 for com-
parison with the experimental power study �Fig. 7�a��. By
interpolating between the points, we calculate an expected
peak modulation of −31%, at the center of the resonance at a
pump fluence of 60 mJ cm−2. We correct this value by tak-
ing a weighted average of the pump fluence experienced by

the probe due to its Gaussian profile and arrive at a peak
modulation of −28%, a factor of 2 greater than experimen-
tally observed. Near a pump fluence of 80 mJ cm−2, the
maximum fluence, the corrected modulation at the center of
the resonance is −41%; even if nonideal conditions �e.g.,
focused beam instead of plane wave� introduce a factor of 2,
this still sets a lower bound on the achievable modulation, at
the wavelength of initial peak coupling efficiency, of −20%.

V. CONCLUSION

To summarize, we present a systematic study of an active
plasmonic coupler based on ultrafast, optically induced ther-
mal effects in a gold film with a grating overlayer. We dem-
onstrate the method experimentally and outline a theoretical
model that can be used to simulate the results. Both the ex-
periments and the simulations reproduce the picosecond re-
laxation times, as well as the broadband, tunable nature of
this method. Further, the modulation occurs at the time of
coupling, allowing for highly modulated signals without the
energy losses associated with the propagation of SPP. Indeed,
we demonstrate that modulations of the efficiency of a grat-
ing coupler by 40–60 % are possible, an order of magnitude
improvement over previous results.

We examine the balances associated with this approach.
We show that the sign of the modulation is determined by the
excitation geometry, and we demonstrate that it is possible to
achieve temporally separated modulations of opposite signs
at individual wavelengths. Though there is a tradeoff be-
tween the total coupling efficiency and the maximum achiev-
able modulation, we suggest that this can be overcome by
using custom gratings with sharper SPP resonances.

Although this demonstration is based on the properties of
gold, this method should be equally applicable to other met-
als, if at differing wavelengths as determined by their band
structures. It is this very versatility of this method and wide
array of different results that are achievable by a careful
selection of the system parameters that make it a significant
step toward the realization of a plasmonic-based device that
is compatible with information and communication applica-
tions.

FIG. 11. �Color online� Power study of the simulations. For each
pump fluence we show the peak achievable positive �circles� and
negative �triangles� modulations, as well as the greatest modulation
at the center of the SPP resonance �squares�. The lines are guides
for the eyes.
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