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Controlled charge flows are fundamental to many areas of science and technology,
serving as carriers of energy and information, as probes of material properties and

dynamics'and as ameans of revealing?? or even inducing*’ broken symmetries.

Emerging methods for light-based current control

16 offer particularly promising

routes beyond the speed and adaptability limitations of conventional voltage-driven
systems. However, optical generation and manipulation of currents at nanometre
spatial scales remains abasic challenge and a crucial step towards scalable
optoelectronic systems for microelectronics and information science. Here we
introduce vectorial optoelectronic metasurfaces in which ultrafast light pulses induce
local directional charge flows around symmetry-broken plasmonic nanostructures,
with tunable responses and arbitrary patterning down to subdiffractive nanometre
scales. Local symmetries and vectorial currents are revealed by polarization-
dependent and wavelength-sensitive electrical readout and terahertz (THz) emission,
whereas spatially tailored global currents are demonstrated in the direct generation
of elusive broadband THz vector beams”. We show that, in graphene, a detailed
interplay between electrodynamic, thermodynamic and hydrodynamic degrees

of freedom gives rise to rapidly evolving nanoscale driving forces and charge flows
under the extremely spatially and temporally localized excitation. These results set
the stage for versatile patterning and optical control over nanoscale currents in
materials diagnostics, THz spectroscopies, nanomagnetism and ultrafastinformation

processing.

Recent advances in controlling photocurrents (currents induced by
light fields) have been responsible for a variety of insights in areas
ranging from materials characterization and device physics' to elec-
trolytic chemistry®® and ultrafast electron diffraction and imaging®.
The evolution from voltage-driven to light-driven processes has been
particularly prominentininformation science and microelectronics, in
which optoelectronic and optospintronic currentsin emerging topo-
logical®*?, magnetic'* and low-dimensional?° materials are intro-
ducing faster speed limits and light-based control degrees of freedom.
However, the broken spatial or temporal symmetries responsible for
photocurrent generationin these materials® are typically either intrinsic
tothelattice and thus constrained to specific light-matter interaction
geometries or otherwise dependent on applied static fields, both of
which are difficult to pattern on small length scales. Although coher-
entlightwaveinteractionsin strong, few-cycle and/or phase-stabilized
light fields®'° transcend many material-specific challenges and offer
a high degree of control over charge motion, such approaches have
alsoremained limited tosingle laser spots or larger, micrometre-scale
structured light fields.

Plasmonic systems can be used to overcome these spatial limita-
tions by concentratinglight down into deeply subdiffractive nanometre

scales.Such systems are already known to provide exceptional control
over energy flow between photonic, electronic and thermal degrees of
freedom on ultrafast timescales. Abetter understanding of momen-
tum flow in plasmon-excited hot-carrier distributions is also emerg-
ing?, as determined by spatially tailored plasmonic hotspots and
directionality imposed by nanoscale geometry. Although such effects
have primarily been explored through nonlinear photoemission into
free space” %, linear photocurrent responses under continuous-wave
excitation have been observed recently in hybrid plasmonic sys-
tems serving as bias-free mid-infrared photodetectors®*?, as well as
spin-valley-polarized valleytronic transistors®,

Here we show that plasmonic metasurfaces offer far broader pos-
sibilities for harnessing charge flow, introducing unprecedented capa-
bilities for patterning and actively controlling vectorial currents at
nanometre spatial scales and femtosecond timescales. Photocurrents
are a universal manifestation of broken inversion symmetry® and we
find thatasymmetric gold nanoantennas on graphene exhibit strong,
light-driven directional responses. Local vectorial current direction-
ality is determined by nanoantenna orientation and locally patterned
symmetry, with generalimplications for optically controlled and global
spatially varying vectorial photocurrents. As animmediate application,
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Fig.1|Directional photocurrentsinsymmetry-broken optoelectronic
metasurfaces. a, lllustration of an optoelectronic metasurface consisting

of symmetry-broken gold nanoantennas on graphene. Femtosecond laser
illumination stimulates vectorial photocurrents and consequent emission
ofultrafast THz pulses. b, Measured (solid line) and simulated (solid fill)
transmission spectra for two nanoantenna designs with resonances at 800 nm
(blue) and 1,550 nm (orange). ¢, Measured incident-wavelength-dependent
THzfield amplitude (solid lines with data markers) and d.c. photocurrent
(dashedline), as well as simulated field intensity (solid fills). Top insets:

we demonstrate that these vectorial optoelectronic metasurfaces serve
as efficient and versatile sources of ultrafast terahertz (THz) radia-
tion, including broadband THz vector beams. Electrostatic gating and
multiphysics modelling reveal a local photothermoelectric driving
mechanism and clarify previously unexplored dynamics occurring at
theintersection of femtosecond excitation and nanoscale localization.

Ultrafast directional photocurrent

Our optoelectronic metasurface conceptis illustrated in Fig. 1a, in
whichinversion-symmetry-broken gold nanoantennasactaslightning
rods*?°, with strong, resonantly enhanced light fields at their sharp tips
(approximately 15 nmradius; Fig.1b,c, insets). Hot-carrier excitation at
these nanoplasmonic hotspots drives local current density j(r, £) within
the underlying graphene. The brokeninversion symmetry leads to net
current along the orientation of the nanoantennas, which decays on
subpicosecond timescales owing to momentum-relaxing scattering
with optical phonons, impurities and substrate phonons®>*. The tran-
sient photocurrentsradiate free-space THz waves, E,, < —dj/d¢, which
areused asacontact-free probe of the ultrafast current dynamics. Fur-
thermore, the time-averaged d.c. photocurrentis read out directly by
means of electrical contacts for unambiguous verification of the overall
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scanningelectron micrographs of the fabricated nanoantenna elements.
Bottominsets: simulated plasmonic-field enhancements. Scale bars, 200 nm.
d, Measured THz time-domain signals emitted from the resonantly excited
800-nm (left)and 1,550-nm (right) metasurfaces, compared with those from
1-mm-thick ZnTe. Curves are offset for clarity. Inset: amplitude spectra (plotted
onalogarithmicscale) revealingbandwidth out to 3 THz, limited by phase
matchinginthel-mm ZnTe detection crystal. e, Incident-fluence-dependent
THzfieldamplitude and d.c. photocurrent readout, along with alinear fit to low
fluence (solid fill). a.u., arbitrary units.

charge-flow behaviours across millimetre-scale metasurfaces. These
large-areadevices offer larger currents and THz fields at relatively low
fluences while also demonstrating the scalability and coherence of the
subpicosecond photocurrents among millions of nanoscale directional
sources, ultimately revealing the vectorial current behaviours at the
nanoscale unit cell level.

We first investigate the photocurrent response in metasurfaces
with uniform nanoantenna orientation and thus a globally preferred
directionality. The plasmonic resonance is broadly tunable from vis-
ible to infrared wavelengths based on the nanoantenna structure
(shape and size), material and dielectric environment. Structural
tuning is exploited here for resonances at 800 nm and 1,550 nm, as
clearly observedinthe measured and simulated transmission spectra
(Fig. 1b). Corresponding enhancements of the generated ultrafast
THzfields and d.c. photocurrents are shown in Fig. 1c, in good agree-
ment with the simulated optical-field-intensity enhancements, which
underscores the central role of the (asymmetric) plasmonic fields in
the photocurrent-generation process.

Single-cycle THz pulses are observed from both the 800-nm and
1,550-nm (Fig.1d) metasurfaces through free-space electro-optic sam-
pling (Methods), indicating the photocurrent rise and decay on time-
scales of afew hundred femtoseconds. These pulses disappear when the
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Fig.2|Polarization-dependentlocal responses and omnidirectional
control.a,b, SEMimages of uniformly oriented (a) and Kagome (b) metasurfaces
with800-nm resonances (overall metasurface size, 1 mm?).Scalebars, 500 nm.
Insets: simulated resonant plasmonic-field enhancements for differentincident
linear polarization angles (black double arrows), with the calculated net current
directionindicated (blue single arrows). c,d, Measured x (red) and y (blue)
components of the radiated THz field (solid lines with data markers) and

exposed grapheneis etched away without removing the nanoantennas
(Supplementary Note 1), verifying that the THz radiation originates
from graphene photocurrents rather than optical rectification directly
at the nanoantennas®. Remarkably, with little optimization (Supple-
mentary Note 2), the 30-nm-thick metasurfaces yield THz fields that
are comparable with or even stronger than those from widely used
1-mm-thick (110) ZnTe nonlinear crystals under the same excitation
conditions. This indicates the potential use of these optoelectronic
metasurfaces asnew THz sources, with versatile responses arising from
sample orientation and patterning, as well as incident polarization and
wavelength, as explored further below.

Alinear dependence onincident fluence (Fig.1e) is observedinboth
the THz field amplitude and photocurrent readout for the 800-nm
metasurface below about 0.8 pJ cm?, which can result from various
possible mechanisms at metal-graphene junctions, such as photo-
voltaic>* or photo-Dember® effects. However, photothermoelectric
effects are generally found to prevail at metal-graphene junctions,
including under continuous-wave excitation at the nanoscale®** and
ultrafast excitation at mesoscopic scales*?%, We will later show that
photothermoelectric effects remain dominant under simultaneous
ultrafast, nano-localized excitation, but with more intricate spatiotem-
poralenergy and momentum flows. Before this, we explore the general
implications of artificially patterned linear photocurrent responses,
which canbe extended to other material systems and areindependent
of the specific current-generation mechanism.

Local vectorial photocurrent

For metasurfaces with uniform spatial patterning, asshownin Fig. 2a,b,
global photocurrent and THz emission measurements reveal the local
light-matterinteraction symmetries and local vectorial (directionally

Laser polarization (°)

300

240

180

Magnitude (a.u.)

120

Photocurrent direction (°)

330 60

300 0 : :
60 120

Laser polarization (°)

180

photocurrent (dashed lines) for the uniformly oriented (c) and Kagome (d)
metasurfaces withrespect totheincidentlinear polarization angle. Calculated
linear responses (solid fills) are shown for comparison, with + and - signs
indicating lobe polarity. For clarity, asmall residual y componentis not shown
inc.e, The Kagome metasurface shows nearly constant photocurrent magnitude
(purple) and continuously rotatable direction (grey), consistent with analytic
predictions.

tunable) photocurrent responses at the nanoscale unit cell level. The
oriented metasurface (pm wallpaper group; Fig. 2a) exhibits a par-
ticularly simple cos*(6) dependence on the incident linear polariza-
tion angle with respect to the nanoantenna principal axis of broken
symmetry (Fig. 2c), which is characteristic of the linear dependence
on the projected excitation-field intensity. The photocurrent direc-
tionality remains along this axis, regardless of the incident light
polarization. Under circularly polarized incident light, the overall
nanoantenna-oriented photocurrent across the metasurfaceis shown
by the spatially uniformlinear polarization of the radiated THzbeam,
whichis continuously rotated by sample rotation (Extended DataFig.1).

Further symmetry can be introduced into the metasurface unit cell
with several nanoantennas oriented in different directions. Ingeneral,
a unit cell with C, rotational symmetry will exhibit an isotropic linear
response if n > 2, with noncentrosymmetric configurations (odd n)
required for net directional photocurrents. We apply this general prin-
ciple with aKagome lattice metasurface (Fig. 2b), which has threefold
rotational symmetry and three planes of mirror symmetry (p3mlwall-
paper group). Global and corresponding local photocurrent direction-
alityis continuously rotated by varying the incident linear polarization
angle (Fig. 2d,e), with a linear combination of hotspot excitations
(Fig. 2b) maintaining a constant photocurrent magnitude. This omni-
directional local vectorial current control is described in a Cartesian
basisby j =/, cos*(6-6)cos(6) and Jy =i Y, cos*(6-6)sin(6), in
which @isthelaser polarization angle and 6,= 0, 2m/3 and 41t/3 for the
three nanoantenna orientations within the Kagome unit cell.

These prototypical metasurfaces already illustrate abroad design
space for nanoscale vectorial photocurrents, which canbe drivenin
arbitrary directions in space and/or time under different incident
light fields. Localized vortical charge flows with no net global current
can be realized under circularly polarized excitation, for instance,
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Fig.3|Global vectorial currents and THz vector beams. a, SEM image of

the central region of aradial vector metasurface, with arrowsillustrating the
expected radial photocurrent on circularly polarized excitation. The entire
metasurface (1mm overall diameter) is excited. Scale bar,1 pm. b, Far-field
spatial map of the radial THz vector field, showing the total measured THz field
magnitude (colour map and length of white arrows) and direction (direction

of white arrows) at the pulse peak. ¢, Measured (top) versusideal (bottom)

by rotating the nanoantenna orientations within the Kagome meta-
surface unit cell (Supplementary Fig. 11). The design space grows
further with the introduction of different structures and resonant
wavelengths. In such systems, the light-matter interaction symme-
try may even be different from the underlying structural symmetry
andtunablewithwavelength,asreadoutbythepolarization-dependent
and wavelength-dependent photocurrent response. Such possibili-
ties are demonstrated in Extended Data Fig. 2, in which the Kagome
metasurface unit cell contains three resonators of different dimen-
sions. Although this perturbed Kagome lattice evidently exhibits
the lowest possible degree of symmetry (pl wallpaper group), an
approximate mirror symmetry in the light-matter interaction appears
either along a dominant resonance axis or between two equally
excited resonances at intermediate wavelengths®. The general
linear photocurrent response for any metasurface with uniform
spatial patterningis given by J (8,2) = Zi Ef(/l)cosz(e -0)cos(6) and
Jy (6,2) = Y, EX)cos*(6 - 6)sin(6)), in which E(1) are the wavelength-
dependent plasmonic fields at each tip hotspot. This shows a high
degree of adaptability, with responses that are not rigidly fixed by
metasurface patterning. These results also directly demonstrate
important capabilities for bias-free polarization-resolved (Fig. 2d,e)
and wavelength-resolved (Extended Data Fig. 2) photodetection
for integrated, ultrafast optoelectronic and information science
applications®.

Spatially varying vectorial photocurrent

Nonuniform spatial patterning can be implemented for nearly arbitrary
control over spatially varying vectorial current distributions out to
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Hermite-Gaussian modes for the xand y field components of the radial THz
vector beam. Arrows inbottom plotsindicate THz field polarity at peak time.
d, Lineout from theradial £,image, showing the transient THz field asa function
of xposition, along with example THz time-domain waveformsillustrating the
polarity reversal across the beam. Inset: corresponding THz field amplitude
spectrumin the frequency domain, plotted onalogarithmicscale.e-g, The
same asina-cbut for the azimuthal vector metasurface and THz vector beam.

macroscopicscales, as demonstrated with radial (Fig. 3a) and azimuthal
(Fig. 3e) metasurfaces. The polarization patterns of the radiated THz
beams reveal the global radial and azimuthal transient charge flows
generated on circularly polarized excitation across the entire -mm
metasurfaces. We thus use a high-throughput THz emission spec-
troscopy system for hyperspectralimaging (Fig. 3d), scanning across
the far-field THz beam and reading out the full time, frequency and
polarization information as a function of position (Methods). These
maps show clear radially polarized (Fig. 3b,c) and azimuthally polar-
ized (Fig. 3f,g) THz fields, unambiguously confirming the spatially
varying vectorial photocurrents. For the radial metasurface device,
the radial current and resonantly enhanced excitation are also veri-
fied by direct photocurrent readout measurements (Extended Data
Fig.3).

Althoughthe mapped THzfields serve to demonstrate the spatially
varying vectorial currents, they alsoillustrate anew capability for direct
generation of broadband vector beamsin the THz frequency range. The
inset to Fig. 3d indicates spectral amplitude above the noise floor out
to 4 THz, but comparison with abroadband spintronic emitter shows
this to be limited by the spectral response of the photoconductive
antenna detector (Supplementary Fig. 3). These cylindrical THz vec-
tor beams hold substantial promise for THz imaging, spectroscopy
and other applications”. Although various schemes have emerged
recently for generating THz vector beams”, they often rely on bulky,
narrowband and/or multistage systems. By contrast, direct generation
of arbitrary THz vector fields from spatially patterned photocurrents
offers an ultrathin, broadband and single-stage source that can also
be actively manipulated by incident optical fields or by electrostatic
gating, as examined next.
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Fig.4|Local photothermoelectricdriving force and resulting nanoscale
chargeflow. a, Measured resistivity of ametasurface device as afunction of
gate voltage. Insets: chemical potentials of the gold-pinned and bare graphene
regions for three gate voltages asindicated inb. b, Measured gate-dependent
current (dashed line) compared with calculated AS, (solid fill). Inset:illustration

Photothermoelectric dynamics

We further investigate the dynamics that occur within the gold-
graphene metasurfaces under femtosecond optical excitation at the
nanometric-tip hotspots. The photocurrent driving mechanism is
revealed by electrostatic gating of large-area metasurface devices
(Methods), with aback-gate voltage V, applied to tune chemical poten-
tial g and correspondingelectrical conductivity cinthe bare graphene
regions (Fig. 4a). By contrast, the chemical potential of the graphene
beneath the nanoantennas remains pinned to that of gold*®, leading
to a spatially varying Seebeck coefficient (Fig. 4c) described by the

Mott relationatroom temperature 7o, S, = - “Zfro 53—2 inwhich kzisthe
Boltzmann constant, eis the elementary charge and |p| o< [V = Vgl 172
with Ve = 9 Vat the charge-neutrality point (Supplementary Note 1).
The photocurrent closely follows the nonmonotonic dependence of
the difference AS,between the bare and gold-doped graphene regions
(Fig.4b), whichis aclear signature of a photothermoelectric effect**?
and is inconsistent with photovoltaic (monotonic V, dependence) or
other linear responses that can occur at graphene junctions™*,
The dynamics studied here are extremely confined in both space
andtime compared with previousinvestigationsunder continuous-wave
excitation or at mesoscopicjunctions®>"*4* we therefore combine
electromagnetic, thermodynamic and hydrodynamic modelling to
understand the evolution of the far-from-equilibrium electronic
temperature T,(r, £), the effective photothermoelectric driving
field < =S(r, £) VT, and the resulting nanoscale charge flow j(r, £) in gra-
phene. The localized optical power absorption generates a peak T,
approaching 3,000 K around the nanoantennatip (Fig. 4d) for aninci-
dent pulse fluence of 0.5 pJ cm2inthe linear response regime. In-plane
electronic thermal diffusion and scattering with optical phonons?*
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ofthe gated device configuration, with tip-localized heating and corresponding
netcarrier motion. ¢, Spatial distribution of S,. d, Snapshot of the calculated T,
distribution at the time of the incident pulse peak (O fs). e, Photothermoelectric
xacceleration field (along the principal nanoantennaaxis) at V,=0Vand Ofs.
f,Hydrodynamicvelocity field for the hole fluidat V,=0Vand O fs.

along with out-of-plane scattering with substrate phonons* then cool
the superheated carrier distribution within a few hundred femtosec-
onds (Supplementary Note 3). Before cooling, a net acceleration pro-
portional to ASVT.actsontheelectronic system along the nanoantenna
axis (Fig.4e). We note that, although AS exhibits a nonlinear tempera-
turedependence at high T, (Supplementary Note 3), thisisnot expected
to alter the gating behaviour shown for AS, (Fig. 4b) beyond a scaling
factor. The resulting charge flow is modelled by means of the
time-dependentincompressible Navier-Stokes equation (Fig. 4f and
Methods). Such a hydrodynamic framework** is based on the condi-
tionthat r, < 7,,, inwhich 7. is the electron-electron scattering time
andt,,, ismomentum relaxationtime associated with electronimpurity/
phonon scattering. This treatment can be justified even for the rela-
tively low-mobility graphene (7, = 45 fs) by the electronic superheat-
ing, which markedly increases the phase space for electron-electron
scattering. On photoexcitation, 7, < T, 2is driven froma few hundred
femtoseconds at room temperature into the few-femtoseconds range
atseveral thousand kelvin (Supplementary Note 3), supporting alocal
hydrodynamic treatment and the possibility of light-induced viscous
electron flow*,

Indeed, this multiphysics modelling shows the rapid evolution of 7,
7..and corresponding local physical quantities (for example, electron
viscosity, thermopower and heat capacity) that occurs over timescales
of hundreds of femtoseconds and spatial scales of tens of nanometres
(Extended DataFig. 4). These calculations provide insight on the local
nanoscale dynamics while also capturing the resulting global behav-
iours measured for the various metasurfaces, including polarization,
frequency and intensity dependencies (Supplementary Note 4), pre-
dicting time-averaged photocurrents that agree to withinafactor of 2
of experimental measurements (Supplementary Fig. 10).
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Discussion

The measurements and modelling discussed here explain the ultrafast
nanoscale charge flows that yield net local vectorial and spatially vary-
ing vectorial photocurrents. Combining structure-based patterned
symmetries and light-based controlin this way opens up new domains
for driving otherwise unrealizable charge currentsin materials. Beyond
gold and graphene, these effects can be explored in an expansive
selection of systems, with photocurrent responses expected owing
to photothermoelectric, photovoltaic and photoinjection® effectsin
semiconductors, semimetals, topological insulators, ferromagnets and
other materials. Symmetry-broken nanoscale structuring may also be
imposed on new materials to examine unknown local responses and
physical properties. Furthermore, introduction of planar chirality
allows for dynamic control over nanomagnetic moments (Supple-
mentary Fig.12). More generally, spatially varying photocurrents can
be used to generate complex magnetic fields* in free space or nearby
materials. Although here we have directly demonstrated polarization/
wavelength-resolved photodetection and ultrafast THz generation
in symmetry-broken optoelectronic metasurfaces towards informa-
tion science, microelectronics and THz technologies, we anticipate
that many more opportunities will emerge in other applications (for
example, nanomagnetism, materials diagnostics, ultrafast information
processing and energy harvesting) using the basic conceptsintroduced
in this work.
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Methods

Metasurface fabrication

Metasurface fabrication begins with large-area monolayer graphene
grown by chemical vapour deposition and transferred onto fused
quartzsubstrates (Supplementary Note1). Substrates are spin-coated
with bilayer poly(methyl methacrylate) (PMMA) (PMMA 495 bottom
layer and PMMA 950 top layer) at 3,000 rpm for 30 s, followed by 1 min
prebake at 180 °C. A conductive polymer layer (DisCharge) is then
applied to ensure adequate charge dissipation during electron-beam
exposure. Arrays are then patterned through electron-beam lithog-
raphy using a100-kV JEOL JBX-6300FS system. For <30 nm features,
interparticle proximity effect correction is used with an optimized
total dosage around 1,650 pC cm™. Under these conditions, writing
of al-mm?array takes approximately 1 h. Following a 30-s rinse in iso-
propanol for DisCharge removal, samples are then developed ina 3:1
isopropanol:methyl isobutyl ketone solution for 1 min. A 30-nm gold
layeris then deposited by means of electron-beam or sputter deposition
withoutany adhesion layer. Liftoffis performed after overnight acetone
soaking, using gentle acetone wash bottle rinsing to remove the residual
PMMA/gold. For most samples, no particle delamination is observed.

Devices for simultaneous ultrafast THz emission and average pho-
tocurrentelectrical readout studies are prepared using maskless pho-
tolithography (Heidelberg MLA 150). We use AZ 5214 E photoresistin
image-reversal mode, precoating the samples with a hexamethyld-
isilazane layer to promote photoresist adhesion. Excess graphene is
etched to obtain desired geometries by means of 2-min exposure to
O, plasma (100 W, 10 sccm; Anatech RIE). Electrodes consist of 50-nm
Auwith a3-nm Tiadhesion layer.

Forback-gated devices, the back-gate electrode with minimal over-
lap with the top electrodes (precluding any shorting through defects
inthe dielectric spacer layer) is prepared through photolithographic
patterning, deposition of 3 nm/30 nm Ti/Pt and a liftoff process. Vari-
ous spacer-layer materials (SiO,, Al,0; and HfO,), deposition meth-
ods (atomic layer deposition and physical vapour deposition) and
thicknesses (5-100 nm) are tested for optimal electrostatic gating
of large-area devices. We find that 30-nm SiO, offers a good trade-off
between high gating capacitance and relatively modest nanoantenna
resonance redshifting owing to the image charge oscillation within
the Ptand the dielectric environment of the spacer layer. Subsequent
device preparation follows as described above.

Basic characterization
The quality of metasurface fabrication is characterized by means
of optical microscopy, scanning electron microscopy (SEM) and
white-light transmission spectroscopy. Optical bright-field and
dark-field imaging under 50x magpnificationis sufficient for resolving
individual nanostructures to verify successful liftoff and large-scale
sample uniformity while also resolving the monolayer graphene edge
inetched devices. Amore detailed view of the graphene and nanostruc-
ture morphologies (Supplementary Figs.1and2) is provided by means
of SEM micrographs collected using FEI Magellan, Nova NanoSEM 450
and NovaNanoLab 600 systems. The fabricated nanoantennas closely
reproduce the design profile down to the tens-of-nanometres scale,
with extra-sharp approximately 15 nm radius of curvature tips.
Metasurface optical properties are verified by means of white-light
transmission spectroscopy using a tungsten-halogen white-light source
passed through abroadband polarizer for linear polarization control.
Two 20x microscope objectives are used to focus the light through
the sample and collect the transmitted light into both visible (Acton
SP2300) and near-infrared (Ocean Optics NIRQuest) spectrometers.
The transmittance is given by the ratio of signal (on the metasurface)
toreference (off the metasurface but on the same substrate), with the
ambient background collected with the white-light source turned off
and subtracted from each.

THz emission spectroscopy

THz emission experiments are performed across several systems with
different functionality, with overlapping datasets verifying reproduc-
ibility. Allmeasurements except wavelength-dependent THz emission
(see below) are performed in the low-fluence regime (<1 pj cm™) using
aTi:sapphire oscillator (Chameleon Vision-S) with 800-nm, roughly
100-fs pulses at the sample location at 80 MHz repetition rate. As seen
inFig.1e, theselow fluences ensure linear responses and also preclude
thermally induced nanoantenna deformation or photochemical deg-
radative effects® that can occur in the intense hotspot regions. The
gradual onset of asublinear regime beyond about 0.8 pJ cm2inFig. le
is attributed to competing temperature-dependent thermodynamic
contributions (Supplementary Notes 3 and 4). For metasurfaces oper-
ating at 800 nm, the THz radiation is measured through electro-optic
sampling*?usinga1-mm (110) ZnTe crystal. Three wire-grid polarizers
are used to measure the x and y field components of the THz radia-
tion, with the first polarizer at 0° or 90°, the second polarizer at 45°
and the third polarizer at 0°. The THzbeam pathis contained withina
dry-air-purged environment (<2% relative humidity).

Pump-wavelength-dependent THz emission experiments are per-
formed using a noncollinear optical parametric amplifier to gener-
ate pump pulses across 725-875 nm (pulse width <50 fs) and an
optical parametric amplifier to generate pump pulses across 1,450-
1,650 nm (pulse width < 200 fs). Both amplifiers are seeded by al-MHz
fibre-amplified solid-state laser producing approximately 270-fs pulses
at1,032 nm.Inall of these measurements, we tune the pump wavelength
while the incident fluence is maintained at a constant value using a
neutral-density attenuator. The direct output of the seed laser is used
to gate the electro-optic sampling with a 0.5-mm (110) GaP crystal.
This enables wavelength-dependent pumping without affecting the
detection.

For spatial mapping of THz vector beams, we use a custom Menlo
Systems apparatus consisting of a100-MHz mode-locked 1,560-nm
erbium-doped all-fibre laser oscillator that seeds two separate ampli-
fiers. The first line uses a high-power erbium fibre amplifier driven
in the linear pulse propagation regime, followed by free-space
second-harmonicgeneration, outputting1 W of 780-nm, 125-fs pulses
and serving as the pump beam for generation of THz radiation from
metasurfaces. The second amplifier line is used to gate a broadband,
fibre-coupled photoconductive antenna detector® (TERA 15-RX-FC),
which is mounted on a 2D stage for automated xy spatial scanning.
Along withthe high-repetitionintegrated delay stage (>45 Hzfora20-ps
temporal scanning range), this system enables rapid hyperspectral
imaging of THz vector beams, which are collimated and refocused by
two TPX lenses (50 mm focal length). The photoconductive antenna
is situated before the focal point of the second lens, with resulting
deviations froma planar phase front that are calibrated and corrected
forinthe results presented in Fig. 3.

Device gating and photocurrent readout

Time-averaged photocurrents are electrically read out using alock-in
amplifier (for the highest signal-to-noise ratio) and picoammeter
(to directly measure polarity). Gating studies are performed using
a computer-controlled dual-channel sourcemeter (Keithley 2614B)
for simultaneous application of a gate voltage and readout of either
the device resistance (using a sourcemeter) or photocurrent (using
a picoammeter or lock-in amplifier). Although nonlocal photocur-
rentsingraphene devices are often evaluated in terms of a Shockley-
Ramo-type response**, the square metasurface and electrode geom-
etries here lead to a simplified, direct readout of the overall xand y
photocurrent components. Wavelength-dependent photocurrent
responses are measured by directly tuning the output wavelength
of the 80-MHz Ti:sapphire laser while maintaining a constant power.
Althoughthe electrode gold-graphene junctions can also contribute
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tothe photothermoelectric current, the currentinduced by the nano-
antennas is isolated through: (1) the spatial position of the focused
beam; (2) the much stronger nanoantenna polarization dependence;
and (3) thelack of asimilar response in nanoantenna-free devices (see
Extended Data Fig. 5 for further details).

Dynamical multiphysics model
Coupled electromagnetic, thermodynamic and hydrodynamic
equations are solved using the finite element method (COMSOL
Multiphysics 6.1). Nanoscale optical fields are first simulated using
a 3D rectangular metasurface unit cell domain consisting of the air
superstrate, gold nanoantennas (dielectric function given by John-
son and Christy*), conductive graphene boundary layer and fused
quartzsubstrate®. Periodic (Floquet) boundary conditions are applied
in the transverse x and y directions, with input/output ports along
the z direction backed by perfectly matched layers. The graphene
optical conductivity is approximately constant in the near-infrared
frequency range®, with real component g, = 6.1 107 Q" and imagi-
nary component g;=-2.1x107° Q™. Resonant transmission spectra
are obtained from the simulated S-parameters under plane-wave
excitation at normal incidence, consistent with the experiments. The
same nanoantenna geometry file is used for both lithography and
simulations.

The full thermal evolution of the 2D graphene electron and lattice
(specifically, optical phonon®) systems is calculated through the cou-
pled heat equations

oT, _1
Cegp = O V- (KVT) =g (Te= Top) ~gyp(Te=To), (1)
0T,
Cop pr at K|V2 op+8er(Te = Top), (1b)

inwhichc,isthe volumetricelectronic specific heat described in Sup-

2
%("eﬁ) T.o is thein-plane electronic thermal

conductivity approximating Wiedemann-Franz law behaviour
(approximately preserved in the Fermi liquid regime of graphene’®),
2., =3 MW m2K'is used as the out-of-plane electronic thermal con-
ductance owing to coupling with the SiO, substrate phonons*
(corresponding to a coolinglength |k Ke/8g, =150 nmat 3,000 K), T,
is the optical phonon temperature, ¢, is the optical phonon specific
heat based on time-resolved Raman studies of graphite®*® and

~1.7x107 W K is the lattice thermal conductance based on thermal
transport measurements of supported graphene® (1:1 device aspect
ratio here). The energy relaxation electron-optical phonon coupling
constant, g, =2 x 10’ WK™ m™, isestimated from transient reﬂectivity
measurements (Supplementary Note 3). The source term, 052 isthe
absorbed power density from the transient laser pulse field
E(t)=E, e 2M2¢*/%, i which E, is the peak field determined in the
frequency domam electromagnetic simulations and 7,=100 fs is the
laser pulse duration. Coupling with the acoustic phonon bath on longer
picosecond timescales and radiative loss are neglected. The effect of
Peltier cooling—which would appearas—T,VS - jon theright-hand side
of the heat equation—is found to be small. Further details on the ther-
modynamic modelling are provided in Supplementary Note 3, includ-
ing the thermodynamic quantities in the high-T7,limitingraphene and
simplified two-temperature models for the electron and lattice tem-
perature evolution.

The electronic temperature evolution (energy flow) described by
equation (1) drives momentum flow by means of photothermoelectric
forcefy < VT, asmodelled by the time-dependent linearized Navier—
Stokes equation

plementary Note 3, k. =

Oou 1
R -v- (vVu)+au fore, (2)

assuming incompressible flow of the charged fluid

V-u=0.

Hereuisthe 2D electron velocity field (current density j = en.u with
n.the charge density) and vis the temperature-dependent kinematic
electron viscosity. As is typical for electron hydrodynamic flow, the
Reynolds number is small and the contribution of the nonlinear con-
vective term (u - Vu)is found to be negligible. The electron kinematic
viscosity depends linearly on the electron-electron scattering time,
v« 1,,, which therefore scales locally as approximately 7,2 (Supple-
mentary Note 3). The diffusive term is written as V - (vVu), similar to
the diffusive term in the heat equation, to properly account for the
spatial variation of the kinematic viscosity (Extended DataFig.4). The
temperature dependence of Sin the force term (f,;; = —gSVT,, in which
g = te) is determined by solving the generalized Mott relation (Sup-
plementary Note 3). Small contributions from Joule heating, which
depend quadratically on the current density, are not included in the
present treatment. The driving force f, is highly nonuniformin space
and, consequently, the spatial profile of the velocity flow is not simply
governed by the length scale determined from the momentum relaxa-
tionand viscosity or the Gurzhilength, /vt . The resulting ultrafast,
nanoscale spatiotemporal evolution of the electronic temperature,
force field, charge flow and 7./7,,,, are shown in Extended Data Fig. 4,
with further discussion of the hydrodynamic modelling provided in
Supplementary Note 4.
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Extended DataFig.1|Linearly polarized THz emissionfromdirectional
photocurrent. a, Measured (solid line) and approximated (solid fill) THz
time-domain waveforms for auniformly oriented metasurface under circularly
polarized femtosecond laser excitation, assuming a Gaussian photocurrent
pulse (dashed grey line; 600 fs full width at half maximum) with Eq,,, < —dj/dt.
Thetrue currentand THz field is expected to be faster thanshown here,
owingtobandwidth limitations of the photoconductive antenna detector

(see Supplementary Note1). Inset, spatially mapped THz field showing the
beamwith approximately uniformlinear polarization. Asmall y-polarized
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contributionand corresponding roughly 10° angular deviation fromx axis may
beattributedin parttoresidual sample tilt and imperfect alignment of the THz
imaging system.b, Thex (red), y (blue) and total (purple) THz field amplitudes
measured (solid lines with datamarkers) as afunction of sample orientation
under circularly polarized incident optical pulses, compared with the expected
cos(0) (redfill), sin(0) (bluefill) and constant (purple fill) behaviours,
respectively. The skewinthe y datasetis attributed toimperfect circular
polarization and residual misalignmentin the parabolic mirrors.
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Extended DataFig.2|Wavelength-sensitive directional photocurrent ofincident wavelength for circularly polarized incident light. Bottominsets
response. a, Measured (solid lines) and simulated (solid fills) transmittance show simulated fields and net current directions for circularly polarized
spectrafor the perturbed Kagome lattice, with white light linearly polarized excitationatthe three resonant wavelengths. Measured (c) and simulated (d)
along the three nanoantennas and resonances nominally designed around x (red),y (blue) and total (purple) THz fields as a function of incident linear
775nm (0°; cyan), 825 nm (120°; orange) and 875 nm (240°; red). Inset, unit polarizationangle at the three resonance wavelengths, showing preferred
cell(scalebar,250 nm).b, Direction of THz field polarization (and thus net alignmentalongthe active resonance axes (dotted white lines).

photocurrent) measured (solid circles) and simulated (solid fills) as a function
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Extended DataFig. 3 |Radial metasurface device and resonant excitation. photocurrent (dashed line) and simulated plasmonic hotspot field intensity

a, Optical micrograph ofaradial metasurface, prepared asadevice for (solid fill; same asin Fig.1c), verifying the resonantly coupled/enhanced radial

photocurrentreadout. Inset, radially outward-oriented nanoantennas with photocurrent.
resonance at 800 nm and nanoantennaspacing about 500 nm. b, Measured DC
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b, Measured (solid line) and simulated (solid fill) reflectance spectrum of the
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photocurrent as afunction of position, withlocationsindicated in a. Beam
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electrode measurements are performed on an array-free device, with little laser
polarization dependence observed. A polarity reversalis observed between
theleftandrightelectrodes. By contrast, strong polarization dependenceis
observed onthearray at the centre of the sample. Both metasurface and
array-free devices have 250-pumsquare graphene between the electrodes
(metasurfacedeviceisthesameasinFig.4). Photocurrents are normalized to
the peak positive or negative values.
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