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Ultrafast All-Optical Control of Light Chirality with
Nanostructured Graphene

Nikolaos Matthaiakakis,* Sotiris Droulias, and George Kakarantzas

Ultrafast nanophotonics is a rapidly growing area of study focused on creating
nanodevices that can modulate the properties of light at, to this date,
unparalleled speed. To facilitate the growth of this field, there is a growing
need for compact metamaterial designs for the manipulation of the
amplitude, phase, and polarization of light. One promising strategy involves
leveraging the optical nonlinearity of nanostructured materials to alter their
permittivity by interacting with high-intensity ultrashort laser pulses. This
study showcases how such requirements can be met through the utilization
of 2D materials, particularly graphene. The nonlinear optical response of a
graphene nanorectangle array is theoretically modeled to achieve all-optical,
fully reversible, broadband, and ultrafast dynamic control of light chirality.
This is achieved by taking advantage of the energy relaxation dynamics of
coherently excited localized plasmons supported by the metasurface, and the
transient increase in electron temperature in graphene. Using finite-difference
time-domain simulations, ultrafast dynamic tuning between circular and
linearly polarized light is demonstrated. The proposed platform gives promise
for ultrathin, CMOS-compatible nanophotonic systems that can provide
high-speed, room-temperature modulation of light polarization.

1. Introduction

In the past decade, there has been a notable increase in the adop-
tion of specially crafted optical nanomaterials, with a particular
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emphasis on 2D structures falling within
the broader category of nanophotonic
structures known as metasurfaces. These
metasurfaces represent an innovative
avenue for manipulating and guiding
light.[1–5] Recent research highlights the
utilization of nonlinear nanostructures
and metasurfaces, demonstrating their
capacity for ultrafast light manipulation
when exposed to powerful femtosecond
laser pulses.[1,6–9] The temporal dynamics
that occur after photoexcitation have been
the subject of significant theoretical and
experimental investigation, especially in
relation to plasmonic nanostructures and
metasurfaces. Conductive nanostructures
possess localized surface plasmons (LSPs)
which upon resonant photoexcitation,
rapidly dephase, resulting in the generation
of a population of highly energetic electrons
in the conductor.[9] Termed “hot” electrons
and holes, these carriers exist in a non-
equilibrium state, possessing substantially
higher energies than their counterparts in

thermodynamic equilibrium. They undergo an ultrafast relax-
ation process (marked by dissipation through environmental
equilibration and heat conversion) eventually returning to equi-
librium. This process results in a temporal increase in car-
rier temperature within the conductive nanostructure. This
temporal carrier temperature increase can be used to facili-
tate multiple processes, like driving photochemical reactions
on the surface of the metallic nanostructures to enhance cat-
alytic yields,[10–12] aggregating carriers to improve photodetection
and photovoltaics,[13–15] and manipulating light with unparalleled
speed,[16–18] that are otherwise unattainable. These applications
represent just a few of the fascinating possibilities that have been
explored thus far.

Graphene exhibits a diverse intrinsic nonlinear optical
behavior.[19,20] In the optical and near-infrared spectrum, this
behavior is predominantly ascribed to transient Pauli block-
ing, leading to ultrafast saturable absorption and nonlinear
refraction[21] Conversely, in the mid-infrared (mid-IR) and ter-
ahertz (THz) range, the nonlinear response is mainly driven
by rapid thermal heating and cooling of the electron popula-
tion, influencing intraband absorption.[22–24] These rapid ther-
mal heating and cooling characteristics of graphene position it
as an optimal material for ultrafast nonlinear optical processes
within the THz and mid-IR spectral range, especially when com-
pared to other metal conductors typically used in the field of
plasmonics.[25,26] Similar to metals, the graphene light-matter
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Figure 1. Modal analysis of the graphene metasurface and performance for electron temperatures of 300 and 800K. a) Schematic of the graphene
nanorectangle metasurface (width w = 72 nm, height h = 68 nm). The unit cell is periodically repeated in the x- and y-axis with a periodicity p = 80 nm.
b) Magnitude and c) phase of the reflection coefficients rxx, ryy (yellow and purple lines respectively) for 300K (solid lines) and 800K (dashed lines). d) x-
and y- components of the LSP modes supported by the metasurface units. e) Ellipticity 𝜂 for source polarization angle 𝜃 = 45°(blue), 𝜃 = 0°, 90°(green),
and 𝜃 −45°(red) for electron temperatures of 300K (solid lines) and 800K (dashed lines). Polarization ellipses for the wavelengths of maximum ellipticity
(insets).

interactions can be significantly amplified through leveraging
plasmon resonances. What sets graphene apart is the added ben-
efit of being able to control these resonant frequencies not just
by manipulating the dimensions of graphene structures but also
by modifying its carrier concentration through various means,
including chemical doping,[27] acoustic excitations[28], and elec-
trical gating.[29–33] Most importantly, by taking advantage of the
rapid thermal heating and cooling of graphene, the plasmon reso-
nances can be tuned all-optically and in ultrafast timescales.[24,34]

Therefore, graphene proves to be well-suited for a diverse range
of all-optical ultrafast functionalities within the THz and mid-IR
spectral range.

Recently, there has been significant interest in polarization
switching, particularly in the context of ultrafast and all-optical
polarization switching,[16,24,35–37] as a functionality with wide-
ranging applications in photonics and other fields.[38–41] In this
work, to address this exciting challenge, we propose a novel con-
figuration to achieve ultrafast polarization control by employ-
ing an experimentally verified thermal model of the nonlinear
plasmonic response of graphene.[24] Through Finite-Difference
Time-Domain (FDTD) simulations, we showcase the ability to
dynamically and all-optically manipulate the polarization states
of the reflected light on ultrafast timescales, specifically in the
range of a few picoseconds. Achieving this control involves pat-
terning a single-layer graphene sheet into nanorectangles with
geometrical anisotropy and initiating a temporal elevation of the
free electron temperature using a pump pulse. The time-resolved
response of the graphene metasurface can be investigated by
employing a probe pulse at various time intervals between the
pump and probe pulses. The proposed metasurface’s anisotropic
nanorectangles support LSPs with different resonance frequen-

cies along the nanostructures’ long and short axes, ensuring non-
degeneracy. When the resonance frequency of the LSPs aligns
with that of the probe pulse, a coherent excitation occurs, shap-
ing the phase profile of the reflected light. As a result of the phase
difference of the two orthogonal LSPs, we can attain any desired
polarization state, spanning from linear (LPL) to circularly polar-
ized light (CPL). Notably, we demonstrate that ultrafast all-optical
dynamic control of polarization conversion can be accomplished
by exciting the graphene metasurface with a pump pulse, leading
to rapid electron thermalization and de-thermalization. This pro-
cess shifts the plasmon resonances, facilitating ultrafast polariza-
tion switching of the reflected light. Through our findings we aim
to provide a methodology for the realization of polarization con-
trol in ultrafast photonic systems, using compact and extremely
thin nanophotonic devices.

2. Proposed Design and Principle of Operation

The proposed metasurface design is composed of an array of
single-layer graphene nanorectangles. The nanorectangles have a
width (w) of 72 nm, a height (h) of 68 nm, and a periodicity (p) of
80 nm. They are supported by a substrate with a refractive index
n = 1.2, as depicted in Figure 1a. The chosen dimensions of the
graphene nanorectangles are flexible and can be designed to en-
able the support of two orthogonal dipole LSP modes within the
desired frequency range (in this case 10−13 μm). By choosing dif-
ferent dimensions and/or Fermi levels the metasurface could op-
erate at any desired wavelength from the mid-IR to the THz range
where graphene localized plasmons are supported.[31,42] The con-
trast between the width and height of the nanorectangles ensures
that the degeneracy of the two orthogonal dipole LSPs is lifted,
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resulting in different resonant frequencies for each. The extent
of the frequency split depends on the contrast between the width
and height (aspect ratio), offering flexibility in choosing the exact
dimensions of the nanorectangle to tune the plasmon resonances
of the metasurface (more details in the Supporting Information).

The optical properties of graphene are modeled using a
temperature-dependent Drude model[24] with a Fermi level of
0.35 eV and a mobility value of 27 000 cm2 V−1 s−1[43–45] (results
for lower mobility values available in the Supporting Informa-
tion). For the frequencies of interest in this study, graphene op-
erates in the metallic regime, and interband transitions can be
neglected. The graphene conductivity is calculated as

𝜎(𝜔) = D
𝜋(Γ − i𝜔)

(1)

where Γ is the temperature-dependent scattering rate, and can be
calculated as[24]

Γ(T) ≃ Γ0

(
1 +

𝜋2k2
BT2

6𝜀2
F

)
+

𝜀FV2
DkBT

4ℏ3v2
F𝜌s2

(2)

and D, the temperature-dependent Drude weight of graphene,
as[24]

D(T) ≃
2e2𝜀F

ℏ2

(
1 −

𝜋2k2
BT2

6𝜀2
F

)
(3)

where vF is the fermi velocity, 𝜔 the radial frequency, e the elec-
tron charge, ℏ is the reduced Planck constant, kB the Boltzmann
constant, s is the speed of sound in graphene, 𝜌 is the areal mass
density, and VD the acoustic deformation potential.

To evaluate the optical response of the metasurface, we con-
ducted FDTD simulations using MEEP[46] (more details in
the Supporting Information). The metasurface is subjected to ex-
ternal probing at variable carrier temperatures with a LP electro-
magnetic wave, which is incident at a normal angle. In the sim-
ulations, the magnitude (E0) and azimuth angle (𝜃) of the source
polarization are defined with respect to the x-axis, as illustrated in
Figure 1a which is analyzed in the x- and y- directions as Ex,inc =
E0cos 𝜃 and Ey,inc = E0sin 𝜃. The temperature-dependent far-field
response of the system under probe pulse illumination can be
characterized using the scattering matrix. This matrix establishes
the relationship between the complex amplitudes of the incident
and reflected fields and provides valuable information about how
the metasurface scatters and modifies the incident electromag-
netic wave.[47,48] The scattering matrix is written as

(
Ex,ref

Ey,ref

)
=
(

rxx(T) rxy(T)
ryx(T) ryy(T)

)(
Ex,inc
Ey,inc

)
(4)

where, rxx, ryy, rxy, ryx are the temperature-dependent reflection
amplitudes, Eref corresponds to the reflected and Einc to the inci-
dent electric field, and the x,y subscripts denote the field compo-
nents along the x- and y- directions respectively. Here we calculate
rxy = 0, ryx = 0, and rxx ≠ 0, ryy ≠ 0, thus the contributions from the
x- and y-polarized components to the reflected spectra under any

given orientation of the incident light can be described through
the reflection amplitudes rxx and ryy as

Eref = rxx(T)Ex,incx + ryy(T)Ey,incy (5)

Figure 1(b) shows the absolute value and Figure 1(c) the phase
of the reflection amplitudes rxx (purple) and ryy (yellow) for two
different carrier temperatures T = 300K and T = 800K (solid and
dashed lines respectively). Here we directly introduce this elec-
tron thermalization through T in Equations 1–3. In practice such
electron thermalization can be achieved by introducing a pump
pulse in resonance with the plasmon excitations supported by
the metasurface. The electron temperature T in graphene under
pump pulse excitation with intensity I(t) and a central frequency
𝜔0 evolves as

𝛼T dT
dt

+ 𝛽(T3 − T3
L ) = A(𝜔0; T)I(t) (6)

where 𝛼T is the specific heat of graphene with 𝛼 =
2𝜋kB

2𝜖F/(3ℏ2vF
2), 𝛽 = 𝜁 (3)VD

2𝜖FkB
3 /(𝜋2𝜌ℏ4vF

3s2l) is the cooling
coefficient, A(𝜔) is the fractional absorption in the graphene, 𝜁 is
the Riemann zeta function, l is the electron-disorder mean free
path, and TL is the lattice temperature.[24] For the narrow-band
terahertz – mid IR pulses analyzed in this study, we can estimate
the relationship between the peak temperature (T) and fluence
(F) by assuming that the peak temperature and peak intensity
occur nearly simultaneously in time, that the pump pulse
frequency coincides with the frequency of the maximum ab-
sorption max(A(𝜔)), and neglecting the lattice temperature and
higher-order temperature-dependent changes in the absorption
coefficient A as[24]

𝛽T3
max = A(𝜔)Imax (7)

where Tmax is the peak electron temperature and Imax =
0.94F/ΔtFWHM the peak intensity of a Gaussian pulse with flu-
ence F and duration ΔtFWHM. Thus, for example, a pump pulse
with a fluence F = 2.3μJ cm−2 and ΔtFWHM = 5.5 ps corresponds
to the elevated temperature of 800K assumed in Figure 1b. These
values of the pump pulse are similar to those found in exper-
imental works[24] and are well below the damage threshold of
graphene.[49–51] The elevated electron temperature causes a red-
shift of the reflection amplitude peaks and their correspond-
ing phases. This is attributed to the heightened scattering rates
and the shift of the Fermi level in graphene caused by carrier
thermalization, leading to plasmon resonances that are both
redshifted and broadened.[24] For both temperatures, T = 300K
and T = 800K, the spectra of the emitted light corresponding
to the x-polarized dipole mode (LSPx) exhibit peaks at longer
wavelengths compared to the y-polarized dipole mode (LSPy).
This disparity is a result of the non-degeneracy of the plasmon
modes in the x-y directions, stemming from the anisotropy of
the graphene nanorectangles. Furthermore, the phase difference
Δ𝜑 = arg(ryy) − arg(rxx) between the LSPx and LSPy exhibits a
broad range of values across the entire spectral range of inter-
est, reaching 90°, which is essential for the formation of pure
circularly polarized light, as depicted in Figure 1c. Figure 1d il-
lustrates the eigenmodes of the system, the localized surface plas-
mons (LSPx and LSPy). Each LSP mode is characterized by a
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radiative dipole component and a nonradiative quadrupole com-
ponent aligned with the x- and y-directions. The radiative or non-
radiative nature of each LSP component arises from the presence
or absence of a nonzero net electric or magnetic moment, respec-
tively, along the corresponding polarization direction. It is note-
worthy that the radiative dipoles are mutually perpendicular to
each other, a crucial aspect defining the operational principle of
our configuration.

Equation 4 provides a general description of the metasurface
behavior for any source polarization. By analyzing this equa-
tion, we can determine the conditions for achieving circularly
polarized light in the reflected light. Specifically, the conditions
that need to be satisfied are ryy(T)Ey,inc = rxx(T)Ex,incand Δ𝜑 =
arg(ryy(T)) − arg(rxx(T)) = 90◦, where the only adjustable param-
eters are the source phase and amplitude, and the temperature T.
Assuming a constant temperature T = 300K, we can manipulate
the system’s response through a simple rotation of the source po-
larization angle 𝜃 relative to the metasurface. Our findings show
that for left-handed (LH) CPL, the desired polarization is achieved
at 𝜃 = 45°, whereas for right-handed (RH) CPL, it is achieved at 𝜃
= −45°, as seen in Figure 1e. For T = 800K the peak value of the
ellipticity is reduced and is also red-shifted, following the shift of
the plasmon resonances.

Edge roughness and fabrication imperfections can result in de-
fects in experimental metasurfaces that can affect the device per-
formance, nevertheless the proposed metasurface operates suf-
ficiently well even for imperfect geometries. Adjustment of the
probe pulse polarization according to Equation 5 can also be used
to better optimize the metasurface performance in combination
with Fermi level tuning. Furthermore, since the metasurface op-
eration is scalable and depends on the aspect ratio rather than the
exact size of the nanorectangles, larger metasurface units can be
used since they are less sensitive to small experimental imperfec-
tions.

3. Temperature Dependence of Reflected Light
Polarization

It is useful to further investigate how the response of the system
is altered as the electron temperature increases. Figure 2 shows
the FDTD calculated response of the metasurface for a range of
temperatures from 300 to 1200K under LP source excitation with
𝜃 = 45°. Figure 2a shows the reflectance from the metasurface
versus the electron temperature in graphene. Figure 2c,d shows
the ellipticity 𝜂 and rotation 𝛼 of the reflected light for the same
temperature range as in Figure 2a. As the temperature increases
there is an increasingly stronger redshift, broadening, and weak-
ening of the plasmon modes supported by the metasurface. Con-
sequently, there is a corresponding shift of the peak ellipticity 𝜂

and rotation 𝛼 towards longer wavelengths. This is due to the in-
creased electron scattering and the reduced value of the chemical
potential of graphene at elevated electron temperatures[24] Thus,
while at 𝜆 = 11.15 μm for T = 300K the reflected light is LCP, for
elevated electron temperatures it becomes elliptical and even LP.

4. All-Optical Ultrafast Polarization Control

Since the electron temperature in graphene can strongly influ-
ence the reflected light polarization from the metasurface, it is

Figure 2. Reflection of the metasurface and polarization states of the re-
flected light for varying electron temperatures between 300 and 1200K. a)
Reflection versus electron temperature. b) Ellipticity 𝜂 and c) rotation 𝛼

versus electron temperature.

interesting to investigate how this can be performed at ultra-
fast timescales. This is achieved by using Equation 6 to perform
pump-probe FDTD simulations. However, performing such cal-
culations demands updating material properties at each timestep
of the FDTD simulation to incorporate the pump pulse’s effect
on the graphene electron temperature and subsequent changes
in conductivity. Computationally, such a simulation setup can
be very intensive and necessitates multiple repetitions to ob-
tain results for different pump-probe time delays Δt. Instead, as
previously demonstrated in good agreement with experimental
results[24] we can perform a pump-probe analysis by splitting the
problem in a series of linear simulations each corresponding to
a specific value of Δt but this time with a static conductivity and
only using a probe pulse. In this method, the contribution of the
pump pulse for each value of Δt is included through the adjust-
ment of the graphene conductivity in every individual FDTD sim-
ulation to account for the change in carrier temperature accord-
ing to Equation 6. Equation 6 is solved with the use of the Euler
method, and Equations 1,2, and 3, for the Drude weight, scat-
tering losses, and conductivity, are updated at each time step of
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Figure 3. All-optical ultrafast tunning of the metasurface optical properties in a pump probe setup with a pump pulse of intensity F = 4.44μJ cm−2 and
3.3 ps FWHM. a) Reflection b) ellipticity 𝜂, and c) rotation 𝛼 modulation for different Δt values between the pump and the probe pulses and Ef = 0.35 eV.
d) Poincaré sphere showing polarization states for different Δt values between the pump and the probe pulses corresponding to 𝜆 = 11.15 μm of b. e)
Reflection f) ellipticity 𝜂, and g) rotation 𝛼 modulation for different Δt values between the pump and the probe pulses and Ef = 0.39 eV. h) Poincaré
sphere showing polarization states for different Δt values between the pump and the probe pulses corresponding to 𝜆 = 10.55 μm of b.

the solution of Equation 6 according to the calculated electron
thermalization. The absorption A(𝜔0, Τ) for different values of
graphene electron temperature T is obtained through FDTD sim-
ulations and is adjusted accordingly at each individual time step
of the solution of Equation 6 (A(𝜔0, Τ) and is updated for a step
of 50K of temperature difference).

Narrowband pulses have longer durations which interact with
a larger part of the transient response of the observed sys-
tem, thus containing multiple polarization components in time.
Broadband pulses on the other hand, have short durations and
the interaction of the pulse with the graphene metasurface can
be much shorter than a noticeable difference in the transient re-
sponse of the system. In this case the reflected pulse will contain
multiple polarization components at different wavelengths, thus
providing clearly defined polarization states at the desired wave-
length. To achieve this experimentally ultra-short pulses, like fs
pulses[52] can be used, ensuring that the interaction with the
graphene metasurface is much shorter than noticeable changes
in the transient response of the system (which for the presented
metasurface is in the ps timescale). This way high-resolution ob-
servations can be performed, accurately capturing the system’s
response.

Figure 3 shows the ultrafast response of the graphene metasur-
face for a pump pulse of 3.3 ps and F= 4.44μJ cm−2, 𝜃 = 45°, and a
free space wavelength 𝜆0 = 11.64 μm. The pump pulse introduces
a temporal carrier thermalization that results in a shift of the plas-
mon modes supported by the metasurface. As seen in Figure 3a,
the peak of the electron thermalization appears to take place at ap-
proximatelyΔt= 0 ps, resulting in the maximum shift of the plas-

mon resonances, with a significant falloff between 2–5 ps and the
complete electron relaxation process taking place approximately
within 10 ps, in good agreement with previous theoretical and
experimental works.[24,53,54] The temporal shift of the plasmon
modes also results in a shift of the ellipticity 𝜂 (Figure 3b) and of
the rotation 𝛼 (Figure 3c), allowing ultrafast tuning between CP,
elliptically polarized, and LP light within a few ps. Furthermore,
a polarization rotation is observed within the same timescale.

Figure 3d shows the Poincaré sphere, as mapped by the Stokes
parameters (S1, S2, S3,) for the ellipticity and rotation data corre-
sponding to a wavelength of 𝜆 = 11.15 μm in Figure 3b,c, for the
entire range of Δt values. The polarization of the emitted light is
tuned from CP at −5 ps to LP at 0 ps and back to CP at 10 ps. For
the same Δt range there is a notable optical rotation between −5
and 0 ps and between 0 and 10 ps.

With electrostatic tuning, the operation of the metasurface can
be extended to a broad range of wavelengths. We demonstrate
this additional degree of freedom on the dynamic control of the
optical properties of the metasurface by reproducing the results
of Figure 3a–d for Ef = 0.39 eV in Figure 3e–h. The increase of
the graphene Fermi level results in a blueshift of the LSPs and
with the pump wavelength now set at 𝜆0 = 11.23 μm the meta-
surface provides efficient and ultrafast polarization conversion
at 𝜆 = 10.55 μm. Therefore, depending on the application, the
metasurface can be designed to operate across a broad spectral
range which can further be tuned by electrostatic control of the
graphene Fermi level, offering a versatile platform for ultrafast
dynamic manipulation of light polarization over a considerable
spectral range from THz to almost near infrared frequencies[42]
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5. Discussion and Conclusion

The expanding field of mid and long-infrared photonics is signif-
icantly impacting science and technology, with applications span-
ning diverse domains. Fast modulation of long infrared wave-
lengths is essential for FTIR spectroscopy, chemical analysis, and
environmental monitoring. It also enables high-speed data trans-
mission in free-space optical communication, with potential ap-
plications in secure communication through chiral modulation.
In security and surveillance, fast-modulated long-wave infrared
imaging is crucial, while in biomedical imaging, it aids disease
detection through chiral modulation. Additionally, fast modula-
tion in the long infrared range improves accuracy in remote sens-
ing, vital for environmental monitoring and geological surveys.
The proposed metasurface could potentially contribute to the de-
velopment of new technologies in these fields, offering ultrafast
tunability, broadband operation, and precise control over both
the intensity and polarization of emitted light. As proof of con-
cept, the study of isolated graphene rectangles, either through
far-field or near-field probes, could be explored instead of the
full metasurface, providing valuable insights into the behavior
and properties of individual graphene structures. Nonetheless,
the implementation of experimental devices, particularly for po-
tential commercial applications, may encounter challenges. Ob-
taining high-mobility graphene at the necessary scale for com-
mercial products poses a possible difficulty, potentially affecting
performance, as observed in lower mobility metasurfaces stud-
ied in this research. Additionally, achieving small and defect-free
metasurface dimensions may be challenging. However, since the
device’s operation relies on the aspect ratio of nanorectangles
rather than precise dimensions, larger structures could be em-
ployed in experimental setups. Careful design of the experimen-
tal pump-probe system is also necessary. The use of ultra-short
probe pulses, such as femtosecond pulses, ensures that the inter-
action with the graphene metasurface is briefer than noticeable
changes in the transient response. Addressing potential inhomo-
geneities in the pump beam optical profile can also prevent un-
even heating of the metasurface, which could lead to an averaging
of the transient response.

In conclusion, through FDTD simulations, we have explored
an atomically thin metasurface that offers a versatile platform
for all-optical ultrafast, fully reversible, broadband, and dynamic
control over light chirality. By leveraging the energy relaxation
dynamics of the coherently excited localized plasmons and
the transient increase in electron temperature facilitated by the
metasurface and the pump pulse, we have achieved complete and
ultrafast polarization control over the reflected light, all the way
from linear to circularly polarized light with as low as few ps in-
tervals. The metasurface operates by selectively exciting the local-
ized surface plasmon modes supported by graphene nanorectan-
gles, whose degeneracy is broken due to the anisotropic geometry
of the metasurface units. Through the transient heating of the
electron population induced by the pump pulse, we can control
the ellipticity (𝜂) and rotation (𝛼) of the reflected field, allowing
for a wide range of polarization states. While we demonstrate
the metasurface’s operation at specific Fermi levels, the same
principles can be applied for any realistic value for the Fermi
level of graphene, allowing operation across a broad spectral
range.
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