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1. Introduction

With the aim of achieving control over 
the properties of light at the nanoscale, a 
great effort has been lately devoted to the 
design and engineering of optical nano-
structures,[1–5] with a particular interest 
in ultrathin components, known as meta-
surfaces.[6–8] These are planar arrange-
ments of sub-wavelength nanostructures 
(referred to as meta-atoms, being either 
dielectric or metal based) which, thanks 
to their highly flexible design, have been 
shown to behave as exceptional tools 
for the manipulation of light, with no 
counterparts among naturally available 
materials.[9–13]

Interestingly, the potential of optical 
metasurfaces is not limited to the imple-
mentation of linear functionalities, 

such as wavefront shaping, beam steering, static polarization 
management (see, e.g., ref. [14] and the references therein). 
Indeed, such nanostructured materials are particularly desir-
able for nonlinear optical applications as well,[15–18] because of 
both the strong field enhancements they feature and the pos-
sibility they offer to modify in time their optical response via 
nonlinear effects. In particular, using intense femtosecond 
laser pulses,[19,20] this modification takes place on ultrafast time 
scales, offering the unique opportunity to manipulate light by 
all-optical means with unprecedented speed and using ultra-
compact platforms.[21,22]

In the plethora of configurations explored so far, plasmonic 
metasurfaces have taken on a notable significance in light of 
the giant nonlinearity dominating their optical response.[23–25] 
Indeed, upon photoexcitation with ultrashort pulses, a third-
order delayed nonlinear process[26,27] presides over the plasmon 
dephasing and subsequent generation of hot carriers.[28] In 
turn, the latter undergo internal relaxation processes[29] to 
equilibrate with the metal lattice and eventually with the envi-
ronment by dissipating the excess energy deposited by the exci-
tation pulse at ultrafast speed.

Among the diverse functionalities for which metasurfaces 
have been employed, all-optical control of the polarization state 
of light has been investigated with the goal of achieving sub-
picosecond switching via modulation of the dichroism in the 
meta-atoms. In this framework, the schemes considered so 
far involved structures exhibiting either an intrinsic non-zero 
dichroic response,[30–34] or a transient photoinduced linear 
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dichroism.[35,36] However, the possibility to reconfigure this 
dichroism, dictated by the anisotropy (either geometrical or 
optical) of the structure, has not been explored so far, unless on 
extremely long time scales.[37,38]

In this work, we theoretically predict and experimentally 
demonstrate all-optical reconfiguration of the ultrafast linear 
dichroism photogenerated in a nonlinear plasmonic metasur-
face consisting of symmetric gold cross-shaped meta-atoms.[35] 
We use polarization-controlled femtosecond pump–probe 
spectroscopy to measure the switch in sign of the photoin-
duced anisotropy (and subsequent dichroism), occurring on 
a sub-picosecond timescale and over a broad spectral region. 
This effect is governed by the spatio-temporal dynamics of the 
photogenerated hot carriers—a process almost overlooked until 
very recently[31,35,39–42]—which is intimately linked to the illu-
mination conditions. In particular, we demonstrate the ability 
to reconfigure the sign of the ultrafast dichroism by rotating 

the polarization of the exciting pulse, a degree of freedom so 
far unexplored. Driven by technological interest toward mul-
tifunctional compact devices for ultrafast nanophotonics, our 
results provide evidence that nonlinear metasurfaces represent 
a simple yet robust platform for tailoring the properties of light, 
such as the polarization condition.

2. Results and Discussion

The rationale behind our study is sketched in Figure  1. We 
chose a nonlinear metasurface consisting of a periodic square 
lattice of gold cross-shaped nanoparticles (Figure 1a, refer to the 
Experimental Section for details on the sample). Since the arms 
of the cross have equal length, the single meta-atom shows a 
fourfold symmetry (i.e., it is invariant under in-plane rotations 
by 90°), which is inherited in turn by the metamaterial. As a 
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Figure 1.  Control over optical symmetry via light polarization. a) Scanning electron microscope (SEM) image of the investigated plasmonic metasur-
face, consisting of a square lattice of Au symmetric nanocrosses. The system is photoexcited with light linearly polarized along a direction defining an 
angle ϑ with the (in-plane) vertical axis. b) Simulated static optical behavior of the metasurface, detailed in terms of transmission (black), reflection 
(green), and absorption (red). In unperturbed conditions, the linear optical response of the structure is perfectly isotropic. c) Schematic of the light–
matter interaction between the cross-shaped meta-atom and the linearly polarized light with varying polarization angles ϑ. d) Spatial patterns of the 
electromagnetic power density, ρ(r), within the single metallic nanostructure evaluated at 400 nm (top) and 860 nm (bottom) for different polarization 
angles. All patterns are normalized to the maximum of ρ(r) at 860 nm. Some exemplary conditions of photoexcitation are displayed across a horizontal 
(xy) cross-sectional plane at half-height of the meta-atom, corresponding to ϑ = 0°, 30°, 45°, 60°, 90°.
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result, the latter exhibits an isotropic optical response when illu-
minated with linearly polarized radiation at normal incidence 
(Figure 1b). That is, the static transmission (T), absorption (A), 
and reflection (R) spectra, dominated by a plasmonic resonance 
peaked at ~800 nm (Figure 1b), are invariant under rotation of 
the polarization angle ϑ, defined as the angle formed between 
the polarization direction of the incident beam and the vertical 
arm of the cross (as sketched in Figure 1c).

Conversely, significant dependence on the polarization angle 
is observed for the near fields within the single meta-atoms. 
Locally, due to the relatively large dimensions of the nano-
cross (length, width, and height, respectively, equal to 165, 60, 
45 nm), the plasmonic modes excited by linearly polarized light 
are characterized by well-structured spatial patterns, changing 
substantially with ϑ. As a result, the electromagnetic power 
density, which governs the absorption of light in the metal, 
inherits a polarization-dependent inhomogeneous distribution 
across the nanoparticle from the plasmon near fields. Figure 1d 
shows the power dissipation density ρ(r), with r the spatial 
coordinate in the meta-atom, at two exemplary wavelengths of 
400 and 860 nm (representative of inter- and intraband excita-
tion, respectively) for a set of polarization angles, ranging from 
0° (polarization parallel to the cross vertical arm) to 90° (polari-
zation orthogonal to the cross vertical arm), and normalized to 
the maximum of ρ(r) at 860 nm. The crucial role of polarization 
direction manifests itself when the computed spatial patterns 
are compared. Indeed, the relative orientation of light polariza-
tion with respect to the nanocross axes determines a character-
istic absorption pattern. The positions of the induced electro-
magnetic hot spots change with ϑ, substantially following the 
direction of the oscillation gradient of the incoming electric 
field and identifying deeply sub-wavelength regions where the 
power is more concentrated.

The observed dependence of ρ(r) on ϑ can be qualitatively 
interpreted by reducing the cross-shaped nanoparticle to a 
superposition of two orthogonal and frequency degenerate 
plasmonic nanorods. At the leading order, when the polariza-
tion angle is either 0° or 90°, light mostly excites a plasmonic 
mode reminiscent of the longitudinal resonance of a single 
arm, either the vertical or the horizontal one. On the contrary, 
when light impinges with a polarization angle of 45°, the con-
tributions of the two arms have equivalent weights and a crit-
ical, perfectly balanced configuration is achieved. Any angle 
between these conditions is expected to induce an imbalanced 
spatial dissipation pattern with intermediate symmetry.

In these terms, the angle of polarization ϑ becomes a cru-
cial degree of freedom through which the symmetry of the 
dissipated power density can be effectively controlled. Impor-
tantly, the spatial distribution of ρ(r) impacts the system optical 
response. Indeed, electromagnetic absorption governs changes 
of the electronic population in the metal, where plasmon-
assisted photogeneration of hot carriers occurs. Electrons are 
promoted to out-of-equilibrium energetic states with a spatially 
non-uniform distribution determined by the local inhomoge-
neities of the absorption pattern. In this way, the hot carriers 
modify the metal permittivity non-uniformly in space and give 
rise to an ultrafast optical anisotropy at the nanoscale, which 
can be reconfigured by acting on the polarization angle ϑ. Note 
that such a light-enabled control of the optical symmetry is not 

restricted to fourfold symmetric cross-shaped nanostructures, 
and has more general validity. A transient photoinduced anisot-
ropy has been recently reported for metasurfaces with different 
unit-cell geometries sharing with the nanocrosses presented 
here (and in previous reports[35]) the C4 symmetry (plates[43]), 
or exhibiting even higher symmetry (disks[36,43]) in unperturbed 
conditions.

We used femtosecond pump–probe spectroscopy to char-
acterize the all-optically reconfigurable linear dichroism. By 
tuning the direction ϑ of the pump pulse linear polarization, 
we controlled the symmetry of the spatial absorption pattern 
and the features of the transient nonlinear optical response. A 
delayed probe pulse, impinging at normal incidence with linear 
polarization at 45° to the nanocross arms, interrogates the opti-
cally excited metasurface. The measured signal ΔT/T, as a func-
tion of the probe wavelength λ and the pump–probe time delay 
τ, is the difference between the probe spectra transmitted by 
the excited T′(λ,τ) and unexcited T(λ) system, normalized to 
the unexcited probe transmittance T(λ), ΔT/T = T′(λ,τ)/T(λ) − 1.
To reveal the fingerprint of a ϑ-controlled symmetry breaking, 
the ΔT/T is analyzed along the polarization directions corre-
sponding to the vertical (0°) and horizontal (90°) arms of the 
nanocross (Figure  2a). This provides two distinct differential 
transmission signals, ΔT0°(λ,τ)/T(λ) =  Δ0(λ,τ) and ΔT90°(λ,τ)/
T(λ) =  Δ90(λ,τ). The difference Δ90  −  Δ0 is thus a measure of 
the hot carrier-driven ultrafast anisotropy.[35] The dependence 
of the latter on the angular direction of the pump polarization 
should affect, instead, the intensity of Δ90  −  Δ0, over a broad 
range of wavelengths. Very simple arguments can be invoked to 
predict the trend of Δ90 − Δ0 as function of the pump polariza-
tion angle ϑ. Specifically, the variation of probe transmission 
for polarization direction parallel to the nanocross vertical arm, 
ΔT0°(λ,τ), is expected to be proportional to the projection of 
the pump along that direction, that is, to cos2ϑ. On the other 
hand, when the transmitted probe intensity is detected along 
the direction of the nanocross horizontal arm, the resulting 
transient signal, ΔT90°(λ,τ), should be proportional to sin2ϑ. 
This suggests that the ensuing differential transient linear 
dichroism Δ90 − Δ0 could be written as proportional to the dif-
ference sin2ϑ − cos2ϑ ∝ cos(2ϑ), at any given pump–probe time 
delay and probe wavelength.

In fact, despite referring to a simplified model of the system, 
this straightforward reasoning is supported by a rigorous 
numerical model of the metasurface dynamical response. To 
this purpose, the Inhomogeneous Three-Temperature Model 
(I3TM),[35,42] a freshly reported extension of the well-established 
3TM,[44,45] has been employed. Briefly, this is a semiclassical 
model describing the photogeneration and ultrafast relaxation 
of hot carriers in terms of three space-dependent energetic 
degrees of freedom within the plasmonic system. These are the 
excess energy stored in a non-thermalized portion of the out-
of-equilibrium electrons, N(r,t), the temperature of thermalized 
electrons, ΘE(r,t), and the metal lattice temperature, ΘL(r,t). The 
spatial dependences of those quantities are accounted for by 
including the spatial distribution in the drive term, dictated by 
the electromagnetic dissipation ρ(r), and Fourier-like diffusion 
terms for the electron and phonon temperatures. The spatio-
temporal dynamics of the three plasmonic degrees of freedom 
are then used to compute the corresponding changes of the 
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metal permittivity, according to a widespread description of the 
thermo-modulational nonlinearities in Au.[46] Further details on 
the model are provided in the Experimental Section.

The results of the predicted dichroic quantity Δ90  −  Δ0 as 
a function of the pump polarization angle ϑ are reported in 
Figure 2b for a few exemplary probe wavelengths in the visible, 
at a fixed pump–probe delay τ  = 100 fs. The computed ΔT/T 
spectra were obtained for a pump at λp  = 860  nm (at the red 
edge of the metasurface plasmonic peak, Figure 1b), by varying 
the pump polarization conditions.

As anticipated by our simple arguments on the transmitted 
signal angular projections, the Δ90  −  Δ0 dichroic signal fol-
lows a cos(2ϑ)-like dependence precisely. Each wavelength fea-
tures a different amplitude, since the light-induced dynamical 
modulation of Au permittivity is wavelength dependent, and 
so is the resulting differential transmittance. However, regard-
less of their absolute values, each curve in Figure  2b reaches 
its extrema in 0° and 90° and vanishes when ϑ  =  ±45°. Such 
peculiar trend, related to the periodicity of the cos(2ϑ) function, 
highlights the many opportunities of controlling the ultrafast 
dichroism by photoexcitation. First, by changing ϑ, following 

the curves of Figure  2b, the transient dichroic signal can be 
easily tuned: the highest value is achieved when the excited 
plasmonic mode is mostly concentrated in one of the nanocross 
arms (either 0° or 90°). Moreover, in the immediate proximity 
of these values, small angular variations only marginally affect 
the dichroism, providing the most robust excitation conditions 
(the signal derivative is the lowest). However, tuning ϑ does not 
only offer the possibility to change the magnitude of the effect. 
Even more interestingly, two pump pulses with polarization 
angles differing by 90° (or, equivalently, angles which are sym-
metric with respect to ϑ = ±45°) allow for a full switch in the 
sign of the induced linear dichroism. Therefore, in the region 
around ±45°, the structure is particularly sensitive to variations 
of the polarization orientation, and Δ90 − Δ0 undergoes a sign 
reversal at any wavelength when pairs of angles differing by 90° 
are compared, a potential for reversible all-optical reconfigura-
tion offered by the nonlinear metasurface under consideration 
utterly unexplored in previous reports.[35]

In order to prove the actual possibility to achieve the pre-
dicted control over the sign of the transient linear dichroism 
via fine-tuning of the polarization angle of an ultrashort pump 
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Figure 2.  Polarization-selective pump–probe spectroscopy for angular-dependent transient linear dichroism. a) Sketch of the experimental set-up. For a 
fixed polarization angle ϑ of the pump pulse, meta-atoms experience an optical perturbation with a well-defined symmetry. Probe pulses interrogating 
the sample at a certain time delay from the pump with linear polarization at 45° to the nanocross arms are analyzed along directions at 0° (black 
arrow and pulse) and 90° (green arrow and pulse). Such decomposition provides two broadband differential transmission spectra, Δ0 (black solid) and 
Δ90 (green solid). The difference between these differential spectra (shaded in light blue) is the dichroic figure of merit. b) Predicted dichroic signal, 
Δ90 − Δ0, for the metasurface of Au nanocrosses following photoexcitation with a pump pulse linearly polarized along ϑ direction. The broadband 
dichroism photoinduced by the pump is here displayed for a fixed pump–probe time delay τ = 100 fs at a few selected probe wavelengths.
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pulse, polarization-resolved pump–probe measurements have 
been performed over a broad range of visible wavelengths at 
two distinct excitation conditions (refer to the Experimental 
Section for details on the experimental set-up). The ultrafast 
experiments have then been combined with the numerical sim-
ulations introduced before.

A first set of measurements has been performed with a 
pump polarization angle ϑ1 = 40° ± 2° (Figure 3a). In modeling 
the experimental results, an angle ϑ1 = 38° has been considered 
to match with the measurements (Figure  3b), which is within 
the experimental accuracy of determination of ϑ. The obtained 
linear dichroism (Figure  3  top panels) exhibits temporal and 
spectral features in substantial agreement with previous 
results.[35]  Δ90  −  Δ0 remains positive and spectrally almost flat 
over a broad range of wavelengths, from 560 to 720 nm, before 
changing sign at ~730 nm, where a well-defined negative band 
is observed at longer wavelengths. The photoinduced dichroism 
is maximum at ~100 fs, when it reaches ~1%. Note that this is 
the same order of magnitude as the differential transmittance 
recorded for the two polarizations, although lower than the 
dichroism reported in ref. [35], obtained in the optimal (and the 

most robust) conditions for symmetry breaking, that is, pump 
pulse polarization aligned to one of the cross arms. Then, at 
longer time delays, the signal of Δ90  −  Δ0 decays much faster 
than the differential transmission signal, extinguishing in less 
than 1 ps, as it is governed by the homogenization processes of 
the hot carrier population within the nanocross, which recovers 
an excited yet isotropic state within a few hundreds of femto-
seconds. Simulations well reproduce the experimental meas-
urements, apart from a slight spectral shift and an intensity 
scaling factor. The latter is expected to be due to the limits of the 
semiclassical calculation of non-thermal carrier photogenera-
tion.[35,47,48] Likewise, experiments and simulations are repeated 
by rotating the pump polarization direction by 90°, providing 
the linear dichroism maps of Figure  3c,d (bottom panels) at 
ϑ2 = ϑ1 + 90°. Results manifestly demonstrate the predicted sign 
reversal with the polarization angle tuning. In the two excitation 
conditions, the ultrafast linear dichroism shows comparable 
features, but it experiences a clear switch in sign over the entire 
spectrum (compare positive and negative bands in Figure 3a,c 
for experiments and Figure 3b,d for simulations). In other 
words, the ultrafast broadband response is utterly switched 
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Figure 3.  Sign reversal of photoinduced ultrafast dichroism. a,c) Experimental and b,d) simulated pump–probe maps of the broadband transient 
dichroism, Δ90 − Δ0, photoinduced in the plasmonic metasurface by pump pulse absorption (pump wavelength λp = 860 nm, fluence Fp ~ 400 µJ cm−2) 
for two polarization angles ϑ1 and ϑ2 = ϑ1 + 90°. Such choice allows for reversing the sign of the dichroic figure over the entire broad range of wave-
lengths analyzed.
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from positive to negative and vice versa within the same struc-
ture by simple rotation of pump light polarization.

To better visualize the broadband sign switch, Figure 4 shows 
selected spectral cuts of the ΔT/T maps. In particular, spectra of 
the measured linear dichroism for ϑ1 and ϑ2 (refer to Experi-
mental Section for details) at a pump–probe delay of 100 fs are 
reported in Figures 4a,b respectively. The same comparison is 
shown for simulated signals (Figure 4c,d).

The spectra of the photoinduced linear dichroism clearly 
display the reversal of signals: both bands switch in sign when 
moving from ϑ1 (top panels) to ϑ2 (bottom panels), with a 
rather good agreement between experiments and simulations. 
Note that the zero-crossing points of spectra measured for 
the two polarization angles (Figure  4a,b) do not fall precisely 
at the same wavelengths (i.e., spectra are not simply flipped), 
and isosbestic points of the two spectra follow slightly different 
temporal evolution. A similar trend, albeit to a lesser degree, is 
also observed in simulations (compare Figures  3b,d and  4c,d) 
and can be explained by the small (~5°) angle formed by the 
wave vector of the pump pulse with the normal to the sample 
plane. This angle, slightly tilting the symmetry of the optical 
axes photoinduced in the nanocross, has been proved to lightly 
affect the symmetry-breaking mechanism.[35]

Moreover, simulations also disclose the fundamental con-
nection between the measured signal and hot carriers at the 
nanoscale (Figure 4e,f). Inspecting N and ΔΘE across the single 
meta-atoms (Figure  4e for ϑ1, Figure 4f for ϑ2, both referring 
to a pump–probe delay τ = 100 fs) suggests an explanation for 
the sign reversal in terms of the symmetry of their spatial dis-
tributions. The non-uniform patterns of the high energy elec-
trons change according to the excitation condition and, when 

compared, are substantially symmetric with respect to a rota-
tion of ϑ2 − ϑ1 = 90°. Mirrored inhomogeneities produce oppo-
site changes in the optical properties along the co-orthogonal 
directions probed (0° and 90°), thus promoting the sign switch. 
In these terms, the full reconfiguration of the photoinduced 
dichroism is demonstrated to be substantially governed by the 
ultrafast spatial dynamics of hot electrons at the nanoscale.

Notably, such a critical role of the excited carrier space dis-
tribution ensures that the active shaping of a nonlinear meta
surface response does not only apply to the transient dichroism 
here discussed for the case of symmetric cross-shaped meta-
atoms. Indeed, even by simply considering the asymmetric 
variant of nanocrosses (arms with different length) upon pump 
photoexcitation, the transient response of the asymmetric struc-
ture would be substantially different (the unperturbed response 
is polarization dependent, and homogenization of the pump-
driven excitation does not suffice to retrieve the static condi-
tions of anisotropy). However, tuning the pump polarization 
direction would still enable all-optical reconfiguration, in this 
case of a static linear dichroism modulation.

Furthermore, all-optical reconfiguration is not limited to the 
ultrafast excitation regime. In fact, continuous wave (CW) excita-
tion could also induce a linear dichroism in the response of the 
metasurface, as long as the polarization state reduces the optical 
symmetry of the meta-atom. In contrast to the ultrafast regime 
we explored, the stationary permittivity modulation would be 
dominated by different nonlinearities. Thermal electrons and 
the metal lattice (having a minor role on ultrafast time scales) 
would provide the major contributions and dictate the specific 
features of the photoinduced dichroism, preserving however the 
possibility to reconfigure the metasurface optical response.

Adv. Optical Mater. 2022, 10, 2102549

Figure 4.  Spectra of the transient linear dichroism. a,b) Experimental and c,d) simulated spectra of the linear dichroism, Δ90 − Δ0, evaluated at a 
pump–probe time delay τ = 100 fs. Top panels (a, c) refer to the excitation condition with pump polarization angle ϑ1, bottom panels (b, d) are obtained 
when the pump pulse is polarized along the ϑ2 direction. Simulated spectra of Δ90 − Δ0 for a pump wavelength of 400 nm (magnified by a factor of 
2 for better reading) are also shown as dashed lines in (c, d). e,f) Spatial distribution of the energy density, N, stored in the non-thermalized portion 
of hot carriers (top) together with the electronic temperature increase ΔΘΕ (bottom) across the central cross-section (in the z direction) of the single 
meta-atom, evaluated at τ = 100 fs, when the pump pulse polarization angle is either ϑ1 (e) or ϑ2 (f).
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3. Conclusion

In this study, we predicted and simulated a sign reversal of the 
ultrafast optical response of a plasmonic metasurface, exhib-
iting transient linear dichroism modulated by varying the 
excitation conditions. The observed switch in sign is shown to 
intrinsically rely on fundamental properties of light absorption 
in nanostructures and the spatio-temporal evolution of photo-
generated hot carriers.

Our investigation focused on a quasi-2D metamaterial 
consisting of (fourfold) symmetric cross-shaped meta-atoms, 
characterized by an isotropic optical behavior in unperturbed 
conditions, although our approach can be extended to dif-
ferent nonlinear metasurfaces, provided they exhibit a given 
symmetry in static configuration. Ultrafast pump–probe 
spectroscopy was used to reveal a transient anisotropy in the 
structure, previously reported to be governed by the local spa-
tial inhomogeneities of photogenerated hot carriers across 
the single meta-atoms. Indeed, pump absorption promotes 
an out-of-equilibrium and spatially inhomogeneous electron 
excitation, which in turn drives a spatially non-uniform per-
mittivity modulation in the metal and results in a transient 
dichroic response. Importantly, the spatial distribution of the 
hot-carrier population is ultimately dictated by the absorp-
tion pattern of the exciting pulse, which establishes the sym-
metry of the perturbation. As a consequence, we exploited this 
property to advance our understanding of the metasurface 
response beyond the observation of the photoinduced sub-ps 
linear dichroism previously reported,[35] and demonstrated the 
possibility to achieve full reconfiguration of the metasurface 
nonlinear response by simply tuning the polarization direction 
of the pump pulse. In particular, a sign reversal of the linear 
dichroism was experimentally demonstrated for a pair of 
pump pulses with polarizations differing by 90°. Indeed, the 
relative angle condition induces opposite symmetries for the 
transient anisotropy, thus offering the flexibility to tailor the 
sign of the optical response. We also proposed simple argu-
ments to explain the signal modulation in terms of projections 
of the optical perturbation experienced by probe pulses inter-
rogating the metasurface, and we reproduced the experiments 
via semiclassical model of the Au nonlinearities and the nano-
cross electromagnetic behavior.

Our experimental and numerical results show how polariza-
tion-selective light absorption in plasmonic metasurfaces and 
the resulting hot carrier deep sub-wavelength inhomogenei-
ties allow for active shaping of the ultrafast response, with no 
need to change the geometrical design. Furthermore, the sim-
plicity of our approach in attaining ultrafast reconfiguration 
of dichroism suggests that a similar rationale may be applied 
to envisage wide-ranging flexible systems interleaving various 
functionalities on ultrafast time scales within a single all-optical 
device.

4. Experimental Section
Sample Fabrication: The sample consisted of a metasurface made of 

closely packed cross-shaped nanoparticles fabricated by electron beam 
lithography. Meta-atoms were arranged in a square lattice with center-to-
center nominal distance of 270 nm. The metasurface was supported on 

a substrate made of CaF2. Further details on the fabrication process of 
the sample could be found in ref. [35].

Ultrafast Pump–Probe Spectroscopy: A detailed description of the 
apparatus used for the ultrafast pump–probe spectroscopy was provided 
elsewhere.[49] Briefly, an amplified Ti:sapphire laser, operating at 2-kHz 
repetition rate, was used to pump two non-collinear optical parametric 
amplifiers, each of which generates the pump and probe pulses, 
respectively. Pump pulses span over the 850–950-nm spectral region and 
were compressed by a fused-silica prism pair to sub-30-fs duration, while 
probe pulses cover the 560–780-nm bandwidth and were compressed 
by chirped mirrors to sub-10-fs duration. The pump and probe were 
focused on the sample by a spherical mirror to a diameter of 50 µm. The 
transmitted probe was dispersed in a spectrometer and detected with a 
custom-made charge-coupled device operating at the full laser repetition 
rate. The metasurface was aligned perpendicular to the probe beam.

To measure the sign reversal of the transient linear dichroism, we 
set the pump polarization at two fixed angles ϑ1 and ϑ2 (with ϑ defined 
as in Figure  1 by the polarization direction with respect to the vertical 
arms of the crosses), given by ϑ1  = 40°± 2° and ϑ2  = ϑ1  + 90°, while 
the probe polarization was fixed at an angle of 45° with respect to the 
nanocross arm. The measured differential transmittance, for each pump 
polarization angle ϑ, was analyzed along two co-orthogonal directions 
corresponding to the vertical (0°) and horizontal (90°) cross arms, thus 
providing two distinct pump–probe signals, ΔT90°,0°(λ,τ)/T(λ) = Δ90,0(λ,τ) 
(see Figure  2a). Their difference Δ90  −  Δ0 represented the measured 
figure of merit related to the photogenerated ultrafast anisotropy, as a 
function of probe wavelength and pump–probe delay.

Numerical Modeling: To describe the ultrafast optical response of the 
plasmonic metasurface investigated, a multi-step numerical simulation 
was employed and a semiclassical modeling approach, evaluating the 
transient transmittance modulation of the structure, was pursued. The 
starting point of this model is the description of photogeneration and 
relaxation of hot carriers. This was done by means of the I3TM,[35,42] 
which accounts for the evolution both in time and in space of hot 
electrons in gold meta-atoms upon illumination with an ultrashort 
laser pulse. Specifically, a segregated algorithm was implemented in 
the finite element method (FEM)-based commercial software COMSOL 
Multiphysics, integrating the rate equations written for the plasmonic 
system energetic degrees of freedom:[35,44,45]

,abs r( )∂
∂ = − − +N
t

aN bN P t 	 (1)

E
E

E E E LC
t

G aN
Θ κ Θ Θ Θ( ) ( )∂
∂ = −∇ − ∇ − − + 	 (2)

L
L

L
2

L E LC
t

G bN
Θ κ Θ Θ Θ( )∂
∂ = ∇ + − + 	 (3)

where the equation coefficients govern the energy relaxation 
processes undergone by N(r,t), ΘE(r,t), and ΘL(r,t) (details on 
their definitions and values can be found in ref. [35] and the 
references therein), while the driving term of the excitation, 
Pabs(r,t), represents the instantaneous density of electromag-
netic power absorbed by the structure. Its expression, evolving 
in time with the Gaussian intensity profile of the pump pulse 
(modeled with a full-width at half-maximum time duration of 
60 fs), is proportional to the absorption pattern introduced in 
the main text, ρ(r). To evaluate the spatial distribution of the 
latter across the meta-atom, we employed 3D full-wave elec-
tromagnetic simulations in the frequency domain. FEM port 
formalism (employed to mimic the response of nanocrosses in 
periodic array configuration) allowed to account for the depend-
ence of ρ(r) on the polarization condition of the pump, by 
adjusting the orientation of the incoming electric field.
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Then, based on the evolution in time and space of the nanostructure 
internal energy variables, the corresponding permittivity modulation was 
determined, locally evolving in each metallic nanostructure. Spectrally 
dispersed transient changes of both the inter- and intraband terms of Au 
permittivity were modeled, following a semiclassical description of the 
third-order delayed optical nonlinearities in noble metals.[44,46] Indeed, 
plasmon-assisted photoexcitation of out-of-equilibrium carriers affects 
the occupation probability of the energy levels in the conduction band. 
This entails an intrinsically nonlinear variation of the optical absorption 
coefficient or, equivalently, the imaginary part of permittivity (the real 
part being readily computed by Kramers–Kronig analysis). Note that the 
same formalism has been employed for permittivity variations following 
both inter- and intraband pump absorption (simulations for λp = 400 nm 
and λp  = 860  nm respectively), despite the differences in the non-
thermalized electron energy distribution.[50] Such modeling choice is, 
however, supported by studies of the hot electron (Auger) recombination 
following interband absorption[51,52] and consistent with previous reports 
on the ultrafast response of plasmonic systems,[24,53] showing excellent 
agreement with experiments. In this framework, the additional dependence 
on space introduced by the I3TM for the energetic degrees of freedom (N, 
ΘE, and ΘL) is naturally included in the modeling approach[35] as the key 
ingredient to account for the ultrafast optical anisotropy following pump 
absorption. To reveal the obtained spatially inhomogeneous distribution 
of permittivity, the perturbed structure was interrogated over a broad 
spectral range by scanning the time delay between pump and probe. Full-
wave frequency-domain simulations were employed, by suitably defining 
the numerical ports so to analyze the dynamical transmittance over the 
directions of interest, similarly to experimental conditions.
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