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Dissipation of electromagnetic energy through absorption is a fundamental process that underpins phenomena ranging 
from photovoltaics to photography, analytical spectroscopy, photosynthesis, and human vision. Absorption is also a 
dynamic process that depends on the duration of the optical illumination. Here, we report on the resonant plasmonic 
absorption of a nanostructured metamaterial and the non-resonant absorption of an unstructured gold film at different 
optical pulse durations. By examining the absorption in travelling and standing waves, we observe a plasmonic relaxation 
time of 11 fs as the characteristic transition time. The metamaterial acts as a beam-splitter with low absorption for 
shorter pulses, while as a good absorber for longer pulses. The transient nature of the absorption puts a frequency limit 
of ~90 THz on the bandwidth of coherently-controlled, all-optical switching devices, which is still a thousand times 
faster than other leading switching technologies. © Anita Publications. All rights reserved.
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1 Introduction 

 Light absorption is a fundamental optical process, controlling phenomena at scales from the planetary 
(e.g. climate on the Earth regulated by the strength of sunshine) to the microscopic (e.g. the physiological 
process of human vision). It underpins or strongly affects the functionalities of almost all modern, light-
enabled technologies. Strong light absorption can be highly desirable [1,2]; it can also be a foe, for instance 
in optical telecommunication networks [3]. The ability of a material to absorb light is widely seen as an 
inherent and unchangeable property of the material. However, it recently came to the attention of research 
communities that in bulk media [4] and thin films, [5-9] absorption manifests itself differently in travelling and 
standing waves, allowing for a transition from complete power dissipation (i.e. coherent perfect absorption) 
to perfect transparency in a thin absorber (i.e. coherent perfect transmission). This transition, termed as the 
coherent control of absorption, can be achieved by changing the mutual phase or the intensity balance of 
two coherent counter-propagating waves interacting on the absorber. For instance, a thin film absorbing 50% 
of light from a travelling wave can have any value of absorption from 0 to 100% in a standing wave. Such 
ability to control energy dissipation by interfering waves on a thin absorbing layer provides exciting new 
opportunities for energy harvesting, radiation detection, dark pulse generation, all-optical data and image 
processing [10-16].
 As compared to absolute value of the absorption, the temporal dynamics of absorption is of equal, 
sometimes even more, important for many applications [17-19]. In the regime of linear absorption, the 
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intensity of incident light is insufficient to initiate nonlinear, multi-photon processes. It is often reasonable to 
assume that the energy dissipation does not depend on the temporal profile of the excitation light. However, 
demanding technological applications, such as the emerging all-optical data and image processing enabled by 
coherently-controlled absorption [13,20-23], aim to exploit high-bandwidth operation by using extremely short 
optical pulses of only a few oscillations. In this regime, the assumption that light absorption is independent of 
pulse duration can be challenged and must be tested. Our particular interest is in the transient characteristics 
of the absorption of nanostructured plasmonic films in both standing and travelling waves. Indeed, such 
films were recently used to demonstrate various applications of perfect absorption across a wide range of 
research fields [5-7,20]. In such absorbers, the energy dissipation occurs through the coupling between light 
and the plasmonic modes of the nanostructure, which is channelled through radiative and non-radiative 
processes. How fast does the light absorption in standing and travelling waves develop? What determines 
the dynamics of the absorption and subsequently the bandwidth of absorption-based technologies? In this 
work, we aim to answer these questions, and will assess the ultimate speed at which the coherent absorption 
process occurs. By using optical pulses with duration from 6 fs to 185 fs, we show that the characteristic 
time for absorption to settle in such materials is ~11 fs. This value originates from the plasmon relaxation 
time and sets a maximal bandwidth of ~90 THz for, coherent absorption-based, all-optical switching. 
 Although the microscopic mechanism of energy dissipation in travelling and standing waves is 
believed to be identical, we decided to measure light absorption in both waves. Indeed, in a travelling wave 
experiment, energy loss can be easily evaluated from transmission and reflection. In comparison, a standing 
wave experiment, although significantly more complicated, can be configured to show variable energy loss 
in the sample. Moreover, a standing wave experiment allows probing absorption in the same configuration 
used for the coherent control of light with light, therefore providing a direct way of assessing the bandwidth 
of all-optical coherent switching. We are not aware or any other work that compares the transient dynamics 
of linear plasmonic absorption between standing and travelling waves.

2 Methods 

Measurement of ultrafast standing wave absorption
 Laser pulses with duration of 6 fs were generated by a mode-locked Ti:sapphire laser (Femtolasers, 
Rainbow). They were sent into a spatial light modulator (Biophotonics, MIIPS Pulse Shaper) to tune both the 
central wavelength and the spectral width. The spectral width ranged from 5 nm to 165 nm, corresponding 
to a pulse duration from 185 fs to 6 fs. The pulse spectrum was measured using a USB spectrometer (Ocean 
optics, USB 4000), and the pulse duration was measured using a homebuilt autocorrelator. The product of 
the frequency bandwidth and the pulse duration was ~0.44, indicating a transform-limited Gaussian profile 
[24]. .A homebuilt interferometer similar to [5,7] was used to measure the coherent absorption of the samples, 
with its schematic illustrated in Fig 1. The laser beam was split into two identical pulses (α and β) using a 
50:50 pellicle beam-splitter. Two focusing mirrors (ROC-15 cm) were used to focus them onto the sample. 
A piezoelectric translation stage was used to change the position of the sample. The average power at the 
sample position was balanced using a variable neutral density filter for each wavelength and pulse duration. 
It was maintained at a low level to suppress thermal damage and nonlinear effects. Pulse dispersion induced 
by optical components was compensated by giving feedback to the pulse shaper. A mechanical chopper was 
used in one of the arms to increase the signal to noise ratio. The two output beams γ and δ (transmitted and 
reflected from both sides of the sample) were directed to a pair of identical photodiodes, the outputs from 
which are monitored using lock-in amplifiers referenced to the chopping frequency of 130 Hz. The output 
of the photodiodes was calibrated for each measurement using an open window on the sample, in order to 
eliminate the undesired influence of optical components on the result (e.g. variation in the power splitting 
ratio of the pellicle with wavelength).
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Metamaterial fabrication
 The metamaterial sample consisted of a 50 µm × 50 µm array of asymmetric split ring resonators, 
which was milled on a free-standing gold film 60 nm in thickness. The sample showed a plasmonic resonance 
at ~800 nm, where the conventional, single-beam absorption was close to 47%. The sample fabrication 
involved three main steps. Thermal evaporation at low pressure (2x10−6 mbar) and low deposition rate (≈ 
0.10 nm/s) was used to deposit a 60 nm thick gold film on a commercially available 50 nm thick SiNx 
membrane. Reactive ion etching (Plasma Lab 80 plus, Oxford Instruments) was then applied (CHF3 2 
sccm, Ar 10 sccm, pressure 50 mTorr, power 80 W, and time 10 minutes) to the backside of the sample to 
completely remove the SiNx and expose the gold layer. Finally, focused ion beam milling (FEI, Helios 600 
NanoLab) was used to fabricate the metamaterial nanostructures. Ar 10 sccm, pressure 50 mTorr, power 80 
W, and time 10 minutes) to the backside of the sample to completely remove the SiNx and expose the gold 
layer. Finally, focused ion beam milling (FEI, Helios 600 NanoLab) was used to fabricate the metamaterial 
nanostructures. 

3 Results

Experimental setup for coherent absorption measurement
 Figure 1. shows the schematic of the experimental setup for measuring the coherent, standing-
wave absorption and the conventional, travelling-wave absorption (see Methods for details). A Ti:sapphire 
femtosecond laser (pulse duration ~6 fs, central wavelength tuneable around 800 nm, repetition rate 75 
MHz) was used as the light source in both the measurements. Output pulses from the laser were spectrally 
filtered and conditioned by a pulse shaper to tune their spectral and temporal profiles. For all the pulses, 
the product of the pulse frequency bandwidth (∆ν) and the pulse duration (∆τ) was measured to be close 
to ∆ν × ∆τ ≈ 0.44 (Fig 1A, inset), which indicated a transform-limited Gaussian profile [24]. The pulses 
were subsequently directed into an interferometer built by using a 50:50 pellicle beam-splitter and two 
broadband focusing metal mirrors. The mirrors, which had a long ROC of 15 cm, focused light onto the 
sample from both sides, forming a standing wave at its position. The sample was placed on a piezoelectric 
translation stage. The output light was collected using a pair of conventional silicon detectors. We measured 
two samples, a metamaterial plasmonic absorber and an unstructured gold thin film. The metamaterial was 
a two-dimensional square array of asymmetric split-ring metamolecules fabricated on a gold film (Fig 1B). 
Both the samples were on the same free-standing film with thickness 60 nm.
Travelling wave absorption
 The spectra of both samples were first measured using a conventional microspectrometer (Fig S1). 
They reveal the static properties of the samples under travelling wave illumination. Corresponding dynamic 
properties of the samples were subsequently investigated using modified interferometer setup, by blocking 
one of the incident beams and changing the pulse duration.
 Figure 2 shows the absorption, reflection, and transmission of both samples under the 
illumination of pulses with different durations. The central wavelength is 800 nm, overlapping with the 
peak wavelength of the plasmonic absorption of the metamaterial. The transmission and reflection of 
the metamaterial show very similar characteristics: they rapidly fall from ~32% at the pulse duration 
of 6 fs to ~26% at 11 fs, and stabilise at this level for longer pulses (Fig 2A). In comparison, the 
absorption grows from ~36% at 6 fs to ~47% at 11 fs, and stabilises at this level for longer pulses. 
For the unstructured gold film (Fig 2B), the spectra show a much smaller, smoother change with pulse 
duration. In the whole measurement range from 6 fs to 185 fs, they vary by less than 3% in absolute value. 
Standing wave absorption
 In the standing wave absorption experiments, the absorber acts as a “4-port” device with two input 
ports α and β (for incident beams) and two output ports γ and δ (for outgoing beams), as annotated in Fig 1A. 
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Fig 1. Characterising light absorption in a standing wave and a traveling wave regimes. 
A) An ultra-thin sample is placed in a standing wave formed by two counter-propagating 
femtosecond pulses. The standing wave absorption is evaluated by comparing the output 
in channels γ and δ with the input in channels α and β. The travelling wave absorption is 
evaluated by blocking channel β. B) The unit cell of the metamaterial sample, which was 
fabricated on an ultra-thin, free-standing gold film.

Fig 2. Interaction between thin absorbers and short pulses in a traveling wave. Dependence of absorption, reflection 
and transmission on pulse duration ∆τ for (A) the plasmonic metamaterial and (B) the unstructured gold film. The 
central wavelength of the pulse is 800 nm for all the pulse durations.

The standing wave absorption is a function of the sample position x in the standing wave. It is obtained 
by comparing the output intensities, Iγ(x) and Iδ(x), with the input intensities Iα and Iβ. Iα and Iβ are equal, 
and their sum I0 = Iα + Iβ is at a very low level (total pulse fluence less than 0.5 nJ/cm2). Figure 3 shows 
the normalized output (output/input) for the pulse duration ∆τ = 6 fs and the central wavelength λ0 = 800 
nm. At the central antinode of the standing wave, absorption is the highest and the total output Iγ + Iδ is 
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nearly at the minimum. Displacing the film away from this position causes oscillation in the output, with 
its local maximum corresponding to the nodes of the standing wave. Due to the limited temporal coherence 
of the pulses, the oscillation fades at large displacement. The intensity oscillation in channels γ and δ also 
shows a noticeable phase shift ∆φγδ (Fig 3B), the nature of which will be discussed below. Iγ (x) and Iδ (x) 
are also slightly different in the amplitude, which is due to the small physical asymmetry of the sample’s 
two sides (see Method for more details). The coherent, standing-wave absorption is evaluated as As (x) 
= 1 – (Iγ (x) + Iδ (x))/I0. As(x) reaches the maximum value As(0) at x = 0, which we simply denote as As.

Fig 3. Metamaterial absorption in an ultrashort standing wave. (A) Dependence of the 
normalised output intensities Iγ(x)/I0 and Iδ(x)/I0 on the sample position x. x is normalised 
against the central wavelength λ0, and its origin is at the central point of the standing wave. 
(B) Enlarged view of Fig 3A shows the phase shift ∆φγδ between the two output channels. The 
pulse duration ∆τ is 6 fs, and its central wavelength λ0. is 800 nm.

 We then measured the dependence of the maximal standing wave absorption As on the optical pulse 
duration ∆τ (Fig 4). The central wavelength of the pulse was kept at 800 nm in changing the pulse durations. 
Figure 4A shows that, for the plasmonic metamaterial, As is low for short pulses. It rapidly increases with 
pulse duration and reaches its maximum of 91% at ∆τ ≈ 11 fs. Figure 4B shows the corresponding data of 
the unstructured gold film for comparison. A steady but much weaker increase in As, from 6.5% at 6 fs to 
11% at 185 fs, is observed. Therefore, we can conclude that the metamaterial film becomes a better absorber 
at longer pulse duration, as witnessed in both the standing and travelling wave absorption measurements. 
Meanwhile, absorption of the unstructured gold film remains small at all pulse durations. In addition, an 
interesting difference is observed in the phase shift ∆φγδ between the metamaterial and the gold film (Fig 4). 
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For the plasmonic metamaterial, ∆φγδ is high at small pulse durations, and rapidly falls to nearly zero once 
pulse duration reaches ~11 fs. In contrast, ∆φγδ ≈ π for the gold thin film in the whole measurement range. 

Fig 4. Dependence of the standing wave absorption As and phase shift ∆φγδ on the pulse duration ∆τ. (A) Both the 
absorption (brown dots) and the phase difference (green diamonds) are measured for the metamaterial, and the former 
is reproduced analytically (brown dashed line). Green dashed lines are trending lines. (B) Corresponding data for the 
unstructured gold film. The pulse central wavelength is 800 nm during all the durations.

 To further explore the properties of the maximal standing wave absorption As, we measured its 
dependence on the central wavelength λ0 of the laser pulses (Fig 5). The pulse duration is fixed at ∆τ ≈ 11 fs. 
For both samples, the absorption spectra show similar features between the standing and travelling waves. 
For the metamaterial, the peak value of As is at λ0 = 800 nm, which coincides with the peak wavelength of the 
travelling wave absorption.

Fig 5. Spectral dependence of travelling and standing wave absorption. (A) For the metamaterial, standing 
(brown dots) and travelling wave absorption (black circles) of ultrashort pulses were measured using the home-
built interferometer. The data are overlaid with analytical values (dashed lines) and absorption of c.w. light 
measured using a conventional spectrometer (black continuous line). (B) Corresponding results for the gold thin 
film. The theoretical curves (purple lines) are obtained using the Drude model with the actual film thickness taking 
into consideration. 

4 Discussion
 Figure 4 provides a very interesting insight into the properties of the metamaterial and the 
unstructured gold thin film, and it is via the phase difference ∆φγδ. For the gold film, ∆φγδ ~ π for all the 
measured pulse durations. Meanwhile, for the metamaterial, ∆φγδ ~ 0 at long pulse durations, and it quickly 
increases once the pulse duration decreases below 11 fs. Rather than analysing the complicated temporal 
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variation of the pulses directly, here we first conduct analysis on c.w. light to reveal the key aspects of 
absorption dynamics.
 Figure 6A shows a hypothetical lossless beam-splitter which reflects and transmits a travelling 
wave in equal proportion. Figure 6B shows an ideal thin absorber that absorbs, reflects, and transmits a 
travelling wave at proportions of 50:25:25. It may be easily shown (see Supplementary Materials for details) 
that, the phase difference ∆φγδ between the two output beams Iγ and Iδ is out of phase (i.e. ∆φγδ = π) for the 
former and in phase (i.e. ∆φγδ = 0) for the latter. This observation holds for any position of the thin film in 
the standing wave. Therefore, the gold film across the whole range of pulse durations resembles a perfect 
semi-reflector (i.e. ∆φγδ = π). Meanwhile, the plasmonic absorber behaves likes an ideal absorber at longer 
pulses (i.e. ∆φγδ = 0), and becomes closer to a perfect semi-reflector at short pulses.

Fig 6. An ideal lossless 50:50 beam splitter (or semi-reflector) and an ideal thin-
film absorber in a standing wave. Regardless of the position of the thin film along 
the standing wave, the phase difference ∆φγδ between the two output signals Iγ and Iδ 
is always (A) π out of phase for the thin semi-reflector, and (B) in phase (i.e. ∆φγδ = 0) 
for the ideal thin absorber.

Lorentz oscillator model for absorption 
 Further analysis is conducted by describing the localized plasmonic resonance as a harmonic 
oscillator:

 
d 2y
dt 2  = Γp 

d y
dt  + ω2

0 y = –q
m 

 E

where y is the oscillator displacement, t is the time, Γp = 2π/τp is the localized plasmon damping parameter, ω0 
is the localized plasmon frequency, –q is the electric charge of the oscillator, m is the mass of the oscillator, 
and E is the driving electric field of the optical wave. Here, ω0 = 2.36×1015 Hz, which corresponds to the 
centre of the plasmonic absorption peak at 800 nm. Here we take Γp from the measured spectral width of 
the plasmonic absorption resonance (black dashed line in Fig 5A): Γp = 0.59×1015 Hz. It gives Γp ≈ ω0/4 
and τp = 2π/Γp = 10.6 fs. 
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 The plasmon relaxation has two channels, the first related to absorptive loss (e.g. induced by electron-
electron and electron-phonon collisions) and the second to radiation loss. Therefore 1/τp = 1/τc + 1/τr, where 
τc is the characteristic electronic collision time in gold and τr is the relaxation time due to radiation to free 
space. Assuming literature value of the electron collision time τc = 15 fs, [25,26] and plasmon relaxation 
time τp = 10.6 fs, we can evaluate radiation loss time τs = 36 fs. 
 A similar equation is applicable to the electron motion in unstructured gold thin film, assuming 
zero restoring force (i.e. the Drude model): 

 
d 2y
dt 2  = Γc 

d y
dt  = 

–q
m  E

 Here, radiation losses are absent and relaxation only depends on electronic collisions Γc = 2π/τc, 
where τc = 15 fs [25,26].
 We can readily calculate the travelling and standing wave absorptions of the metamaterial and the 
unstructured gold. It is the portion Qd /Q of the optical pulse energy Q = ∫

∞
0  EE *dt that is dissipated by the 

moving electrons, where

 Qd = ∫
∞
0  – q E 

d y
dt  dt

 Figure 4 presents the analytically calculated value at different pulse durations, and Fig 5A that 
at different central wavelengths. The peak absorption is the only free parameter in deriving these results, 
which show good agreement with the experimental data in both cases.
 Although the simple oscillator model well describes all the main trends of traveling and standing 
wave absorption (i.e. the dependence on pulse duration and its central wavelength), some deviation between 
the theoretical and experimental curves are inevitable consequences of the simplicity of the model. In Fig 
4B the 4% difference in absorption predicted by the model and measured in the experiment for short pulses 
is related to the finite thickness of the film that is not taken into account in the model. This is confirmed 
in Fig 5A, where the absorption spectrum is calculated using the Drude model [25,27] with the actual film 
thickness taken into account.
The importance of plasmonic resonance
 The small dependence on pulse duration shown in Fig 4B is too weak to reveal any Drude 
absorption dynamics, which is controlled by electron collisions rate of where τc = 15 fs. On the contrary, 
once structured with asymmetric split ring slits, a gold film becomes a strong plasmonic absorber, and 
the resonant absorption is significantly influenced by the excitation of plasmonic mode [28]. Indeed, the 
metamaterial exhibits very different optical properties from the unstructured gold film. Although relatively 
small for short pulses, the coherent absorption is fully established once the pulse is longer than 11 fs. We 
argue that, this is the time necessary to build up plasmonic absorption in the sample. Combining with the 
reflection and transmission spectra measured in the travelling wave, we conclude that: for long pulses, the 
metamaterial behaves essentially as an ideal thin-film absorber; for short pulses, it behaves like a semi-
reflector, or a lossless beam-splitter. The transition pulse duration is determined by the plasmonic resonance. 
Further analysis is able to show that, making the absorption peak broader (i.e. increasing the plasmonic 
damping) creates higher coherent absorption for short pulses, which essentially allows for higher operation 
speed of the metamaterial as a coherent switch (Fig S2). 

5 Conclusions 

 In summary, we have analysed the influence of surface plasmons on ultrafast coherent absorption. 
Standing wave absorption is as high as ~91% for a plasmonic metamaterial, comparing with that of only 
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~11% for an unstructured gold film, clearly shows the crucial role of plasmons for the coherent absorption. As 
revealed by interrogating the sample with various pulse durations, energy transfer from photons to plasmons 
requires ~11 fs in the present metamaterial. This value corresponds to a frequency limit of ~90 THz, which 
can be increased by carefully designing the metamaterial based on the Lorentz oscillator model. The optical 
switches made of these metamaterials are promising for future generation of optical signal processing and 
ultrafast optical data transfer in coherent optical networks.
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1 Travelling-wave spectra

 Figure S1 shows the travelling-wave transmission, reflection, and absorption spectra for both the 
metamaterial and the unstructured gold thin film, which were measured using a microspectrophotometer. 

Fig S1. Travelling-wave transmission, reflection, and absorption spectra (A) the metamaterial, and (B) the 
unstructured gold film.

2 Model to simulate coherent absorption

 A vanishingly thin film can be described as a 4-port device, with the input and output field amplitudes 
linked by a linear scattering matrix as follows:

	 	
Eδ

Eγ
  = 	

s
s + 1 

s + 1
s 		

Eα

Eβ
  (1)

where s is the complex scattering coefficient. Here, a perfect beam splitter film that does not absorb, but 
transmits a travelling wave in proportion 50:50 is described by the complex scattering coefficient s = −0.5 
± 0.5 i. A perfect absorber film that can provide total absorption in a standing wave shall absorbs, reflects, 
and transmits travelling wave in proportion 50:25:25 is described by s = −0.5. A perfect, non-dissipating 
mirror corresponds to s = −1. The normalized intensities at the output ports are:
 Iδ /I = | s |2 + | s + 1|2 + 2Re[(s + 1) s* e–iθ  (2)

 Iγ /I = | s |2 + | s + 1|2 + 2Re[(s + 1) s* eiθ (3)
 Here, we assume that incident waves are of the same amplitude E and intensity I = Iα= Iβ = | E |2. 
The mutual phase difference θ between the incident waves is introduced as Eα = Ee iθ and Eβ = E, where 
θ = xπ and x is dictated by the displacement from the centre of the standing wave. For instance, θ = 0 and 
θ = π correspond to a node and an antinode of the standing wave, respectively. 
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 Equations (2) and (3) implies that, for the ideal thin-film absorber (s = −0.5), Iγ and Iδ oscillate in 
phase upon moving the film in the standing wave: Iγ,δ /I = 0.5 (1 – cos θ). For the non-absorbing beam-splitter 
(s = − 0.5 − 0.5i), the output intensities oscillate out of phase: Iδ,γ /I = 1 ± sin θ. Obviously, for the case of 
perfect mirror, (s = −1), intensities of the reflected waves do not depend on the mirror position Iδ,γ /I = 1.

3 Further analysis on the Lorentz oscillator model

 The main text analyzes the plasmonic coherent absorption in the metamaterial by using a simple 
Lorentz oscillator model. The metamaterial has a maximal operation speed of ~90 THz. Further analysis 
using the model indicates that, by engineering the absorption of the metamaterial, even higher speed can 
be achieved (Fig S2).

Fig S2. Absorption calculated by using the Lorentz oscillator model. The metamaterial absorber can be 
engineered to achieve high standing-wave absorption at very short pulse duration. Metamaterials with different 
damping show A) different travelling-wave absorption and B) different standing-wave absorption.

 Figure S2 shows three metamaterials absorption simulated using the same Lorentz oscillator model. 
The resonance wavelength and maximal absorption are the same for all three cases, while the damping is 
ψ = ω0 /2, ψ = ω0 /4 (for the samples fabricated and investigated in the main manuscript), ψ = ω0/8. It is 
clear that by engineering the plasmon relaxation time in the metamaterial, we can control the time scale of 
the optical transient dynamics in the ultrafast modulation. A highly damped oscillator (ψ = ω0/2), which 
gives a broad peak in the travelling-wave absorption, allows for high standing-wave absorption for very 
short pulses.

4 Beyond the Lorentz oscillator model

 In the experiment, we observed on the metamaterial sample that the standing-wave absorption 
slightly decreases with increasing pulse duration beyond 11 fs. This behavior cannot be explained by using 
the linear Lorentz model, and is attributed to the Landau damping and saturable absorption. Although this 
effect is very weak in the results given in the main text, here we show that it can be relatively strong at 
other excitation conditions. Figure S3 shows the pulse duration dependent travelling-wave and standing-
wave absorption for different laser fluences. The decrease in the absorption for pulses longer than 11 fs is 
seen in various cases. It could be attributed to the Landau damping [4] or saturable absorption [5,6]. It is 
well known that, gold nanoparticles/structures are good nonlinear saturable absorbers at plasmon resonance 
due to Pauli blocking. Saturable absorption in gold nanostructures could be more effective for longer pulses 
due to the thermalization of electrons [7,8].
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Fig S3. Pulse duration dependent absorption A) travelling-wave absorption and B) standing-wave absorption for 
the metamaterial at various laser fluences.

Fig S4. Nonlinear standing wave absorption. Fluence dependent standing-wave 
absorption for the metamaterial sample at two different pulse durations.

Fig S5. SEM imgages of the metamaterial. (A) Part of the whole array. (B) A single unit cell.
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 Finally, we also studied the fluence dependent standing-wave absorption at two different pulse 
durations. As the absorption should be a constant in the absence of any nonlinear effect, its variation with 
the fluence directly reveals the magnitude of the nonlinear effects. In this regard, the long pulse of 125 fs 
induces much stronger nonlinearity than the short pulse of 6 fs.
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