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Recently, coherent control of the optical re-
sponse of thin films in standing waves has at-
tracted considerable attention, ranging from ap-
plications in excitation-selective spectroscopy and
nonlinear optics to all-optical image processing.
Here we show that integration of metamaterial
and optical fibre technologies allows the use of
coherently controlled absorption in a fully fiber-
ized and packaged switching metadevice. With
this metadevice, which controls light with light
in a nanoscale plasmonic metamaterial film on
an optical fibre tip, we provide proof-of-principle
demonstrations of logical functions XOR, NOT
and AND that are performed within a coherent
fully fiberized network at wavelengths between
1530 and 1565 nm. The metadevice has been
tested at up to 40 gigabits per second and sub-
milliwatt power levels. Since coherent absorption
can operate at the single photon level and with
100 THz bandwidth, we argue that the demon-
strated all-optical switch concept has potential
applications in coherent and quantum informa-
tion networks.

All-optical signal processing fundamentally relies on
modulation of one optical signal with another. There-
fore all-optical logical functions have long been perceived
as the exclusive domain of nonlinear optics [1], which
requires a minimum level of intensity to activate the
nonlinear material response and faces trade-offs between
magnitude and speed of the nonlinearity involved [2–6].
However, recently it was shown that an effective nonlin-
ear response may be derived from coherent interaction of
light with light on linear materials of substantially sub-
wavelength thickness [7]. In contrast to conventional op-
tical nonlinearities, the effect has been shown to allow
intensity-independent control over absorption of light,
from almost 0% to almost 100% [8], with 100 THz band-
width [9, 10] and even for single photon signals [11]. The
concept has enabled all-optical control of luminescence
[12, 13], redirection of light [14, 15] as well as control
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of nonlinear [16], polarization [17] and quantum [18, 19]
effects in films of nanoscale thickness and excitation-
selective spectroscopy [20]. In particular, it has been pre-
dicted that coherent interaction of light waves on lossy
ultrathin films could perform signal processing functions
[7] and proof-of-concept experiments in the static regime
have been reported [21, 22].

Here we report the realization of a fully packaged,
fiberized metamaterial device based on this concept. The
metadevice uses a plasmonic nanostructure of substan-
tially subwavelength thickness as a switchable absorber
that allows the absorption of one optical pulse to be con-
trolled by another coherent optical pulse. We demon-
strate nonlinear input-output characteristics and all-
optical operations analogous to logical functions NOT,
AND and XOR at both kHz and GHz bitrates in a
fiberized configuration assembled from standard tele-
coms components at wavelengths between 1530 nm and
1565 nm.

Results

A fiberized metadevice based on coherent absorption

As illustrated in Fig. 1a, the metadevice is based on
controlling absorption of light with light on an ultrathin
metamaterial absorber. It has two bidirectional ports,
i.e. two inputs, α and β, and two outputs, γ and δ. The
input waves propagate in opposite directions and, pro-
vided that they are mutually coherent, co-polarized and
with equal intensity, they will form a standing wave with
electric field nodes and anti-nodes (Fig. 1b). A suffi-
ciently thin film may thus be placed at a node, where
the electric field is zero due to destructive interference,
or at an anti-node where the electric field amplitude is
enhanced by constructive interference. Since truly planar
structures interact with normally incident waves only via
the electric field [23], this implies that a planar thin film
placed at a node will be perfectly transparent, while the
same thin film will be strongly excited if placed at an
anti-node. With respect to absorption, which is limited
to 50% in planar materials illuminated by a travelling
plane wave [24], standing wave illumination allows ab-
sorption to be controlled from 0% to 100% in the ideal
case [7]. Such ideal performance in the optical part of the
spectrum, as is relevant to optical fibre technology, may
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be approximated with materials that are thin compared
to the optical wavelength and exhibit equal transmission
and reflection in addition to around 50% travelling wave
absorption, for example nanostructured plasmonic meta-
materials [8] and 30-layer graphene [11, 25].

The planar absorber used here is a plasmonic meta-
material consisting of a 70-nm-thick gold film perfo-
rated with an array of asymmetrically split ring aper-
tures as previously deployed in free-space demonstra-
tions of coherent light absorption and transparency [8].
The dependence of this structure’s transmission, reflec-
tion and absorption characteristics on aperture size and
geometry [26] is well understood, allowing for easy op-
timization throughout the optical telecommunications
bands. Our metadevice operates at wavelengths around
λ = 1550 nm, where its 70 nm thickness corresponds to
λ/22. The metamaterial structure has been fabricated by
thermal evaporation of gold and subsequent focused ion
beam milling on a 25 × 25 µm2 area covering the core of
a cleaved polarization-maintaining single-mode telecom-
munications fibre (see inset to Fig. 1a), with the symme-
try axis of the metamaterial aligned to the slow axis of
the polarization-maintaining fibre (see Methods for de-
tail). The fibre output was coupled to a second cleaved
optical fibre using two microcollimator lenses to realize
an in-line fibre metadevice (see Fig. 2a).

The metadevice is terminated with standard FC/APC
fibre connectors and it was characterized in a fibre
interferometer assembled from standard polarization-
maintaining fibre components (Fig. 2a). The output of a
fibre-coupled CW laser was split along two paths of sim-
ilar length, with one path containing an electro-optical
phase or intensity modulator and the other containing
a variable attenuator to allow balancing of the power
propagating along the two paths. The paths were then
recombined within the metadevice and the output sig-
nals were detected via circulators using an oscilloscope
(see Methods for a more detailed description). We note
that practical applications would require some means of
active stabilisation of the optical path lengths, however
the system shown here is sufficient to characterize the
principle of operation of the fiberized metadevice. This
is illustrated by the eye diagrams in Fig. 2a, which show
that the eye closes on a timescale of seconds due to phase
drift in the interferometer.

Fig. 2b shows the phase-dependent output intensities
Iγ and Iδ relative to the input intensity Iα = Iβ as a
function of the phase difference between the inputs at
a wavelength of 1550 nm. The overall output intensity
can be controlled from about 9% to about 57% of the to-
tal input intensity, where a low output level corresponds
to constructive interference of the incident waves on the
metasurface and thus coherent absorption, while a high
output level corresponds to coherent transparency. Both
output signals display a similar phase-dependence, how-
ever the phase-dependent output intensity Iδ offers some-
what higher contrast and therefore we focus on this out-
put. It should be noted that, for an ideal metadevice con-

taining a perfectly symmetric ultrathin absorber showing
50% single beam absorption (with no other loss mech-
anisms) and equal reflection and transmission for both
directions of propagation, both output intensities would
be identical and modulated from complete absorption to
perfect transmission. Differences between the measured
output channels arise in the present case from the asym-
metric construction of our metadevice that contains a
metasurface fabricated on the glass/air interface of one of
the optical fibres. The whole metadevice exhibits about
24% single beam transmission, 18% (8%) reflection and
58% (68%) losses for a single input signal α (β). How-
ever, only part of these losses correspond to metasurface
absorption that can be coherently controlled, while other
losses include the fibre connections of the metadevice,
scattering and unwanted reflections within the microcol-
limator and fabrication imperfections such as imperfect
alignment of the metasurface orientation with the slow
axis of the fibres.

The nonlinear functionality of the linear metadevice is
illustrated by Fig. 2c, which shows how the output in-
tensity Iδ depends on the input intensity Iβ while Iα
remains constant for various phase differences between
the input beams. The measured output intensity Iδ as a
function of input Iβ is nonlinear and generally follows the
behaviour predicted by Fang et al [7]. For input phase
differences of less than π/2 it is also nonmonotonic —
counterintuitively the output intensity decreases with in-
creasing input intensity and reaches a minimum before
increasing when Iβ becomes large. For an input phase
difference of π/2, changes in the measured output in-
tensity Iδ are approximately proportional to changes in
the input intensity Iβ. For larger input phase differences
Iδ as a function of Iβ flattens with increasing Iβ, but
is steep for small Iβ suggesting possible applications in
small signal amplification. Thus, the results presented
in Fig. 2b,c show that large changes of the metadevice
output result from modulation of phase or intensity of
one of the metadevice inputs.

All-optical signal processing

All-optical signal processing operations with in-
put/output relations analogous to logical functions may
now be realized by exploiting coherent transparency
and/or coherent absorption in the metadevice. In what
follows, binary logical states encoded in beams of equal
intensity but opposite phase in the metasurface plane are
denoted “+” and “-”, while opposing states encoded as
low/high intensity are denoted “0”/“1”. Consider now,
in the first instance, the case of mutually coherent, bi-
nary, phase-modulated input signals + and -: Construc-
tive interference of identical bits α and β will lead to co-
herent absorption on the metasurface, while destructive
interference of opposing bits will lead to coherent trans-
parency, producing an intensity-modulated (0/1) output
α XOR β. The behavior of an ideal metadevice is sum-
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marized in Table 1 and the measured behaviour of the
experimental metadevice is shown in Fig. 3a, for a mod-
ulation frequency of 10 kHz. The device clearly presents
XOR functionality with high contrast (> 10×) between
the output states. The intensity of the output logical 1
is about 30% lower than in the ideal case due to losses
within the metadevice. Note that the XOR function
can be inverted to α XNOR β by providing an addi-
tional external phase shift θext = π to one of the input
signals. Furthermore, a fixed input signal β of + or -
could be used to map the phase-modulated signal α to
an intensity-modulated signal with (NOT α) or without
(IDENTITY α) inversion.

The metadevice can also perform signal processing
operations analogous to logical functions on intensity-
modulated input data. The simplest example is a NOT
function. Such inversion of an intensity-modulated sig-
nal α is achieved by leaving input beam β always on with
its phase adjusted such that coherent absorption will oc-
cur for simultaneous illumination of the metasurface from
both sides (θext = 0). Input pulses α (logical 1) will be
coherently absorbed resulting in low output (logical 0).
On the other hand, low input signals α (logical 0) will
allow light from input β to reach the outputs (logical
1). For an ideal metadevice, the expected output inten-
sities are 0% and 25% of the input intensity, respectively;
our experimental device achieves about 5% and 23% at
a modulation frequency of 10 kHz, which is more than
sufficient to distinguish the logical states (Fig. 3b).

While the NOT function was based on coherent ab-
sorption, an AND function between binary intensity-
modulated signals can be realized by exploiting coherent
transparency. In this case, a phase shift is applied to
one input signal such that simultaneous illumination of
the metasurface from both sides leads to coherent trans-
parency (θext = π). For an ideal device, this would lead
to 100% output intensity for interaction of two pulses on
the metasurface and at least 4× lower output intensity
for any other combination of input bits (see Table 2).
Experimentally we observe the AND function with more
than 3× contrast between the logical output states at
a modulation frequency of 10 kHz. In principle, other
logical functions including XOR and OR for intensity-
modulated signals can be realized for suitable choices of
θext [22].

Gigabits per second and beyond

In practical systems, optical signals transmitted by
optical fibres are modulated at GHz frequencies rather
than kHz, and also make use of a range of optical wave-
lengths. We therefore tested the metadevice at mod-
ulation frequencies 5-6 orders of magnitude higher than
presented in Fig. 3 and at wavelengths ranging from 1530
to 1565 nm (telecommunications C-band), as illustrated
in Fig. 4 and Fig. 5. To this end the output of the fi-
bre interferometer was amplified with an erbium-doped

fibre amplifier (EDFA) which provided an average out-
put power of 1 mW. This conveniently ensures that the
threshold power between logical 0 and logical 1 will al-
ways be close to 1 mW. Fig. 4a shows the XOR function
on phase-modulated signals (as described above) now at
a modulation frequency of 1.2 GHz, while Fig. 4b shows
the NOT function on an intensity-modulated signal also
at 1.2 GHz. An AND function was realized by intensity
modulation of the laser light entering the interferome-
ter (i.e. modulation before the 50:50 splitter shown in
Fig. 2a) and the introduction of a path difference in the
interferometer arms to delay the modulated signals α and
β relative to one another as illustrated by Fig. 4c. This is
equivalent to an intensity modulated bit sequence 0011 in
channel α and 1001 in channel β, resulting in an output
0001, i.e. α AND β, in the detected output channel.

Fig. 5 shows the NOT function of the metadevice at
a frequency of 10 GHz. The periodic input signal α was
generated with a bit pattern generator and is equiva-
lent to a bit sequence of 1011, which is inverted to be-
come 0100 at a rate of 40 Gbit s−1. Measurements at
wavelengths from 1530 to 1565 nm show successful sig-
nal inversion, thereby illustrating the broadband nature
of the underlying coherent absorption effect across the
full wavelength range of the tuneable laser used in the
experiment. With 50 µW peak power in each input chan-
nel and a 25 ps pulse duration per bit, the modulator’s
energy consumption is 2.5 fJ per bit, which corresponds
to about 20000 photons per bit. Given that coherent ab-
sorption of single photons has been demonstrated [11],
we expect that energy consumption in the attojoule per
bit regime should be possible with a sufficiently sensitive
detection system.

The modulation results obtained at GHz frequencies
are similar to those obtained at kHz frequencies. At GHz
frequencies, some distortion is apparent in both the sig-
nals used to drive the phase and intensity modulators
as well as the measured output signal, where contrast
is slightly reduced. These distortions arise from the fre-
quency response and background noise of the modula-
tors and amplifiers used in the experiments. While our
experimental equipment does not allow us to test the
performance of the modulator in the fibre environment
beyond 40 Gbit s−1, we expect that the metadevice can
in principle operate at much higher frequencies. Indeed,
the underlying phenomena of coherent absorption and
coherent transparency in plasmonic metamaterials occur
on timescales as short as 10 fs, implying a potential band-
width on the order of 100 THz [10]. Based upon the spec-
tral width of its plasmonic absorption peak, the metama-
terial used in the present study may be expected to effi-
ciently absorb pulses as short as 40 fs, corresponding to a
potential bandwidth of tens of THz (see Supplementary
Note 1). However, such bandwidth will be difficult to
realize in a fiberized device due to dispersion limitations
of the fibres.
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Discussion

Even though we report a proof-of-principle demonstra-
tion, the metadevice here shows that the coherent inter-
action of light with light on ultrathin films can be used
to perform signal processing functions with high band-
width and high contrast on signals carried by telecoms
fibres. Improved device performance would result from a
more symmetric design wherein the nanoscale-thickness
absorber is in contact with the same material on both
sides, which may be achieved for instance by depositing
a thin glass layer over the metasurface or via a bespoke
splicing technique. The metamaterial design itself could
also be improved to achieve 50% single beam absorption
and identical 25% transmission and reflection characteris-
tics from both sides as well as polarization independence.
Another option may be to replace the metamaterial with
multi-layer graphene [11, 25].

All-optical signal processing applications based on co-
herently controlling the absorption of light with light
promise extremely high bandwidth and extremely low
energy requirements, but they will require mutually co-
herent signals and phase stability. Mutual coherence is
most easily achieved in local systems, where multiple
signals are derived from the same seed laser. Indeed,
as locally coherent networks become part of the main-
stream telecommunications agenda [27–29], coherent all-
optical data processing may become a realistic proposi-
tion, particularly in miniaturized integrated optics and
silicon photonic chips [30], where phase stability is more
easily achieved than in large-scale fibre networks. In or-
der to go beyond simple single-step logical functions, cas-
cading of multiple coherent operations will also need to
be explored. Such cascading is likely to require signal
regeneration techniques as the XOR function converts
phase-shift keying to amplitude-shift keying (though in
principle without insertion loss and with unlimited con-
trast), while the AND function suffers from limited con-
trast of 6 dB (though in principle without insertion loss)
and the NOT function suffers from insertion loss of 6 dB
(in principle with unlimited contrast).

It is notable that metasurfaces can be engineered to
enable a broad range of metadevice response functions,
which may be used to implement various signal process-
ing functionalities [7, 22, 31]. Devices based on coherent
perfect absorption (as considered here) and lossless de-
vices are limiting cases among a much wider range of
possibilities. Beyond all-optical data processing, poten-
tial applications of coherent metadevices include small-
signal amplification and coherence filtering [8].

The metadevice demonstrated here is one example
among many opportunities arising from fibre-integration
of metasurfaces, which could also be used to control, for
example, focusing, polarization, spectral characteristics,
propagation direction and angular momentum of light
[32–34].

In summary, we report a metamaterial-based device for
all-optical signal processing that is compatible with op-

tical telecommunications fibre components. The multi-
functional metadevice can perform effectively-nonlinear
signal processing functions including input/output rela-
tions analogous to XOR, AND and NOT operations, and
the underlying mechanism of coherent transparency and
coherent absorption is compatible with single photon sig-
nals and 100 THz bandwidth. We therefore anticipate
that such metadevices may provide solutions for quantum
information networks as well as orders-of-magnitude im-
provements in speed and energy consumption over exist-
ing nonlinear approaches to all-optical signal processing
in coherent information networks.

Methods

Metadevice fabrication

For the realization of the metadevice, the metamaterial
was fabricated on the cleaved end face of a polarization-
maintaining single-mode fibre as described above. The
metamaterial nanostructure was fabricated with its sym-
metry axis aligned with the slow axis of the Panda-style
fibre. In order to allow metamaterial illumination from
both sides, the metamaterial-covered fibre was interfaced
with a second polarization-maintaining fibre using a mi-
crocollimator arrangement consisting of a pair of mi-
crolenses. More specifically, the metamaterial-covered fi-
bre end and an anti-reflection-coated microlens were held
in place by a fibre ferrule, leaving a gap of approximately
10 µm between the two components. The second cleaved
fibre tip was mounted in the same way. Using kinematic
mounts, the two ferrules were aligned with each other by
maximizing optical coupling efficiency and polarization
contrast. The aligned microcollimator arrangement was
then fixed with UV-cured glue, stabilized with an outer
glass capillary shell and placed in a plastic housing for
additional protection (see Fig. 2a).

Experimental metadevice characterization

Experimental characterization was performed using
the interferometer arrangement presented in Fig. 2a. All
fibre components were based on Panda-style polarization-
maintaining single-mode fibres. In all cases the incident
electric field was oriented parallel to the symmetry axis
of the metamaterial nanostructure (slow axis of the fi-
bre). Measurements at kHz frequencies used the 180 µW
output of a fibre-coupled 1550 nm CW laser diode and
were recorded using InGaAs photodetectors and an os-
cilloscope (Agilent Technologies DSO7104A). They were
calibrated by taking into account the insertion losses of
fibre components, such that Iα, Iβ, Iγ and Iδ in Fig. 2b,c
and Fig. 3 correspond to the intensities entering and leav-
ing the metadevice’s fibre connectors. The peak input
power at the metadevice input connector Iα = Iβ was
10 µW. The input signal modulators used were low-loss
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electro-optical 10 Gbit s−1 phase and intensity modula-
tors (EOspace) driven by a waveform generator (AM300
by Rohde & Schwarz).

Measurements at GHz frequencies used a fibre-coupled
tuneable CW laser (ID Photonics CoBrite-DX4). Here
the EDFA-amplified output power was detected by an
oscilloscope (Agilent Infiniium DCA-J 86100C) as de-
scribed in the main text. The peak input power at the
metadevice input connector Iα = Iβ is ∼100 µW in
the case of Fig. 4a,b, 30 µW in Fig. 4c and 50 µW in
Fig. 5. The modulators used were low-loss electro-optical
10 Gbit s−1 phase and intensity modulators (EOspace)
driven by an arbitrary waveform generator (Tektronix

AWG7122C) and a radio frequency amplifier (LA Tech-
niques) in the case of Fig. 4a,b, and a bit pattern genera-
tor (SHF 12100 B) in the case of Fig. 2a (eye diagrams),
Fig. 4c and Fig. 5.

Data availability

Following a period of embargo, the data from
this paper will be available from the Univer-
sity of Southampton ePrints research repository:
http://doi.org/10.5258/SOTON/D0172
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FIG. 1: Coherent interaction of light with light on a
metasurface. a Coherent optical input signals α and β
interact on a metasurface absorber, generating output signals
γ and δ. The metasurface has been fabricated by nanostruc-
turing the central 25 × 25 µm2 of a 70-nm-thick gold layer
covering the cleaved end-face of a polarization-maintaining
single-mode telecommunications fibre (inset scanning electron
microscope images, black scale bar 100 µm, grey scale bar
1 µm). b The counterpropagating coherent input signals form
a standing wave wherein the metasurface can be located at
a position of destructive interference of electric fields (node)
where absorption is suppressed or at a position of constructive
interference (anti-node) where absorption is increased. In the
ideal case, absorption can correspondingly be controlled from
0% to 100%.
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FIG. 2: The packaged metadevice and its properties. a Schematic representation of the fully-fiberized experimental
setup with a photograph of the packaged metadevice (without lid, black scale bar 5 mm) consisting of the metasurface-covered
fibre (Fig. 1a) coupled to a bare fibre end using a pair of microcollimator lenses. The inset shows eye diagrams of the intensity
of output channel δ recorded for intensity modulation of input channel β at 40 Gbit s−1, where colour indicates counts and
the white scale bar indicates 10 ps. b Measured output intensities Iγ and Iδ (relative to Iα) as well as the total output power
and metadevice losses (relative to the total input power) as a function of the phase difference between the input signals at the
metasurface at a wavelength of 1550 nm. c Measured output intensity Iδ (data points) relative to the fixed input intensity Iα
as a function of input intensity Iβ for various phase differences between the input beams, with fits (lines), again at 1550 nm.
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FIG. 3: All-optical signal processing at 10 kHz at a wavelength of 1550 nm. a XOR function between phase-modulated
input signals α and β producing an intensity-modulated output based on coherent absorption of identical bits and coherent
transparency for opposing bits. b NOT function on a single intensity-modulated signal α. The inversion of signal α in the
presence of beam β (which is always on) results from coherent absorption of incoming signal pulses when the metasurface is
located at a standing wave anti-node. c AND function between intensity-modulated signals α and β resulting from coherent
transparency of the metasurface for simultaneous illumination from both sides when the metasurface is located at a standing
wave node. The logical states are indicated on the right-hand side of each graph. Minor signal distortions are due to the limited
bandwidth of the waveform generator.
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FIG. 4: All-optical signal processing at 1.2 GHz at a wavelength of 1550 nm. a XOR function between phase-modulated
input signals α and β producing an intensity-modulated output based on coherent absorption of identical bits and coherent
transparency for opposing bits. b NOT function on a single intensity-modulated signal α in the presence of a constant beam
β, resulting from coherent absorption of incoming signal pulses when the metasurface is located at a standing wave anti-node.
c AND function on two intensity-modulated signals α and β resulting from coherent transparency of the metasurface for
simultaneous illumination from both sides when the metasurface is located at a standing wave node. The elevated noise level
in panel c, as compared to a and b, is due to a change in the experimental configuration (described in Methods). The logical
states are indicated on the right-hand side of each graph.
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TABLE 1: Logical functions between mutually coherent,
equal intensity, phase-modulated input bits α and β (Iα =
Iβ = 1)

Input phase states Ideal output intensities Iγ = Iδ
θext = 0 θext = π

α β α XOR β α XNOR β

+ + 0 1

+ - 1 0

- + 1 0

- - 0 1

TABLE 2: Logical function α AND β between mutually co-
herent, intensity-modulated input bits α and β

Input states Ideal output intensities Iγ = Iδ

θext = π

α=Iα β=Iβ α AND β

1 1 1

1 0 0.25

0 1 0.25

0 0 0
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Supplementary Note 1: Coherent absorption of femtosecond pulses

While our experimental equipment does not allow us to test the performance of the main manuscript’s fiberized 
modulator beyond 40 Gbit s−1, we expect that the metadevice can in principle operate at much higher frequencies. 
Indeed, it was recently shown that the underlying phenomena of coherent absorption and coherent transparency 
in plasmonic metamaterials occur on timescales as short as 10 fs implying a potential bandwidth on the order of 
100 THz [1]. We demonstrate this by measuring coherent absorption of femtosecond pulses in a freestanding plasmonic 
metamaterial that is similar to the one employed in our metadevice, see Supplementary Fig. 1a. The metamaterial 
consists of a freestanding gold film of 60 nm thickness perforated with a split ring aperture array of a smaller 320 nm 
period and it exhibits an absorption peak at the experimental wavelength of 800 nm that was determined by the 
available ultra-short pulse laser. Our measurements show that coherent absorption starts to drop for pulses shorter 
than 11 fs. We note that a slow decline of coherent absorption upon increase of pulse duration from 11 fs to 185 fs 
is explainable by the onset of nonlinear absorption at high fluences. The duration of the shortest optical pulse that 
can be efficiently absorbed is linked to the plasmon relaxation time in gold and the spectral width of the plasmonic 
response (Supplementary Fig. 1b) as interaction of spectral components of pulses outside of the plasmonic absorption 
line will not lead to efficient coherent absorption. The absorption resonance of our metadevice has roughly the 
same spectral width in terms of wavelength, but operates at about twice the wavelength. Assuming the same time 
bandwidth product in both cases, this implies that our metadevice will efficiently absorb pulses as short as 40 fs, 
corresponding to a potential bandwidth of tens of THz for our device (Supplementary Fig. 1c). We note, however, 
that such bandwidth will be difficult to realize in a fiberized device due to dispersion limitations of the fibres.

The metamaterial absorber for experiments with femtosecond pulses (Supplementary Fig. 1a,b) is a nanostructured 
free-standing gold film of 60 nm thickness. It was fabricated by thermal evaporation of gold on a 50-nm-thick silicon 
nitride membrane, followed by silicon nitride removal by reactive ion etching and nanostructuring of the remaining 
free-standing gold film by gallium focused ion beam milling. The gold film is perforated with an array of 320×320 nm2 

split ring apertures that has an overall size of 50×50 µm2 and a resonant absorption peak around 800 nm wavelength.
Coherent absorption was measured as a function of pulse duration using a free-space setup and a 6 fs mode-locked 

Ti:sapphire laser (Femtolasers Rainbow) operating at a central wavelength of 800 nm and equipped with a pulse 
shaper (Biophotonics MIIPS). This was performed by splitting the output of the pulse shaper along two paths of 
identical length, which are recombined on the metamaterial absorber such that constructive interference occurs on 
the metamaterial and the light that remained after interaction with the nanostructure was detected.

The absorption spectra of the metamaterial used in the metadevice of the main manuscript (Supplementary Fig. 1c) 
were modelled by simulating a single metamaterial unit cell with periodic boundary conditions and normal incidence 
illumination using finite element modelling (COMSOL Multiphysics 3.5a) in three dimensions. The permittivity of gold 
was taken from Supplementary Reference 2 and the permittivity of glass was assumed to be 2.0736.
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Supplementary Figure 1: Interaction of femtosecond pulses with a thin absorber. a Coherent absorption of counter-
propagating femtosecond pulses measured on a freestanding plasmonic metamaterial for different pulse durations at 800 nm
wavelength. The phase difference between the output beams (diamonds) becomes dependent on the pulse duration as absorp-
tion (circles) deteriorates for pulses shorter than 11 fs. b Measured absorption spectrum of the plasmonic metamaterial used in
panel a for illumination by a single beam of light. c Simulated absorption spectrum of the metamaterial used in the metadevice
of the main manuscript for illumination from outside the fibre (solid, α) and within the fibre (dashed, β).
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