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Abstract
Optical rotators based on the Faraday effect have been widely used in optical systems, such as optical isolation and
circulators. However, due to the limitation of crystals, the application of such optical rotators in high-power lasers has
been severely hindered. Here, we propose a novel plasma rotator based on the frequency-variable Faraday rotation
(FVFR) in a compact manner, achieved by driving the magnetized underdense plasma with a relativistic linearly
polarized laser. In the magnetized plasma, the drive laser undergoes photon deceleration and relativistic Faraday
rotation, leading to the generation of relativistic polarization-tunable mid-infrared (mid-IR) pulse with intensity � 1016

W cm−2 and a spectral width of 5–25 μm. With different magnetic fields, the polarization angle of the generated mid-
IR pulse can be well controlled. Especially, one can obtain a circularly polarized mid-IR pulse with the spatial average
polarization degree of � 0:94 at a suitable external magnetic field. The robustness of the rotator has been well
demonstrated through comprehensive three-dimensional particle-in-cell simulations across a wide range of laser and
plasma parameters. Such a rotator via FVFR is valid from mid to far-infrared and even THz waveband, offering new
opportunities for strong-field physics, attosecond science, laboratory astrophysics, etc, and paving the way for
relativistic plasma magneto-optics and future relativistic plasma optical devices.

Introduction
Faraday rotation (FR) or Faraday effect is a key phe-

nomenon in magneto-optics1. It is prevalent in magne-
tized media and is the basis of optical isolation and
rotator2–5, magnetic field sensor6–8, and current sensor9,
etc. However, due to the limitation of the crystal itself,
e.g., the heat effect and damage threshold, the magneto-
active media is difficult to be miniaturized and inte-
grated, as well as serve as a rotator for high-power
lasers10. Plasma, as a kind of new medium without the
damage threshold, allows for the fast propagation and
modulation of high-power lasers. As a collection of

charged particles, magnetized plasmas often give rise to a
strong FR11–13, offering an important way to modulate
the laser polarization. In recent years, the fast modula-
tion and manipulation of polarization of high-power
lasers in the near-infrared band in plasmas have made
dramatic progress11,14–18. However, these methods
mainly operate in non-relativistic cases without non-
linear optical effects, albeit with a very high polarization
conversion efficiency. For example, the polarization state
of a probe laser with intensity of 1014W cm−2 can be
controlled by the beat wave14. In a plasma photonic
crystal created in underdense plasma by counter-
propagating laser beams, the laser pulse with intensity of
1016W cm−2 can be changed from linear to circular
polarization, and the total energy transmission is close to
95% of the incident energy16. In an extreme FR case, a
circularly polarized (CP) laser pulse with power as high
as 5 PW can be generated by splitting a linearly polarized
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the following, we first develop an analytical model to
explore the interplay between the Faraday effect, the
relativistic effect, and the photon deceleration in the
magnetized plasma.
Assuming a constant external magnetic field B ¼ σB0x

along the laser axis, where σ ¼ ±1 corresponds to along
(against) the laser propagation direction and B0 is the
intensity of the magnetic field. The refractive index and
phase velocity of the resulting LHCP and RHCP subpulses
can be obtained by the wave equation of relativistic CP
pulse in the magnetized plasma as demonstrated in Eqs.
(S1)–(S5) (see Supplementary Information). The FR angle
can be calculated by ΔΨ ¼ R s2s1Δpkds=2 (ref. 46), where s ¼
s2 � s1 is the interaction length, k is the laser wave
number, and Δp ¼ vpL � vpR

�� ��=c is the difference of phase
velocity of LHCP (vpL) and RHCP (vpR) subpulses, which
can be written as (see more details in Supplementary
Section 1)

Δp �
ω2
p

ω2

n
n0

Ω

1�Ω2
ð1Þ

where ωp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πn0e2=me

p
is the plasma frequency, Ω ¼

ωc=ωγ, ω ¼ 2πc=λ is the instaneous laser angular
frequency, and ωc ¼ eB0=mec is the electron cyclotron
frequency. e, me, n, n0, γ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� v2=c2

p
, and v are the

electron charge, the rest mass, the perturbation electron
density, the initial electron density, the electron Lorentz
factor, and the local electron velocity, respectively. In the
Faraday rotation, the linearly polarized laser pulse can be
viewed as a combination of two circularly polarized
subpulses with opposite chirality. During the relativistic
laser splitting in magnetized plasma, the electrons
experience superimposed electric field force and the
Lorentz force from both resultant LHCP subpulse and
RHCP subpulse. Thus, the electron density n and the
electron Lorentz factor γ in Eq. (1) refer to the local
electron density and Lorentz factor driven by the
compound laser pulse. Note that the Faraday rotation
angle is integrated over considerable lengths that are
much longer than the laser wavelength, so that the
contribution of fast oscillation terms of relativistic factor γ
and density n driven by LP laser can be averaged. Thus,
the FR angle in the relativistic regime can be written as

ΔΨ ¼ σ
e3

2πm2
ec

4

Z s2

s1

nB0
λ2

γ2
1

1�σ2Ω2 ds ð2Þ

When the magnetic field is small, ω2
c � ω2, Ω � 0, and

Eq. (2) can thus be simplified as ΔΨ ¼
ðσe3=2πm2

ec
4ÞðR s2s1λ2nB0=γ2dsÞ. Within the laser electron

interaction region, ΔΨ is approximately proportional to
λ2=γ2max. Obviously, in the non-relativistic regime, i.e., γ ¼
1, Eq. (2) degenerates to the classical FR, i.e., ΔΨ ¼

ðσe3=2πm2
ec

4ÞðR s2s1λ2nB0dsÞ. In the relativistic regime, the
Lorentz factor plays an important role, making the FR of a
short wavelength (λ=μm< γmax) pulse more difficult.
Fortunately, the challenge can be overcome by generating
a long-wavelength (λ=μm> γmax) pulse in the magnetized
NPW, e.g., mid-IR pulses or THz waves, to mitigate the
relativistic effect.
The converter as shown in Fig. 1 serves as such a role,

where the laser frequency can be down-shifted from near-
infrared to mid and even far-infrared waveband via the
photon deceleration26–31. Here, the laser wavelength
changes in the NPW during a short time Δτ can be
estimated by λ� λ0 ¼ λ0Δτ∂vp=∂ξ (ref. 21) with Δτ∂vp=∂ξ
the difference of the phase velocity between the two
adjacent crests. Thus, the instaneous laser wavelength can
be expressed as

λ ¼ λ0 1�
Z s2

s1

η�2
∂η

∂ξ

� �
ds

� �
ð3Þ

Since the plasma in the converter is uniform, we can
assume that the drive laser pulse is quasi-static and its
envelope varies slowly within the converter due to the fact
that the laser envelope characteristic time is much larger
than the laser duration47 (see Materials and methods). In
quasi-static approximation (QSA)19,47,48, the refractive
index gradient also changes slowly, so that the term 1�R s2
s1
ðη�2∂η=∂ξÞds can be approximatively rewritten as 1�

η�2ð∂η=∂ξÞs. Due to ω2
c � ω2, the term Ω2 in Eq. (2) can

be also ignored. Combining Eq. (2) and Eq. (3), the FR
angle can be written as

ΔΨ ¼ σ
e3λ20

2πm2
ec

4

Z s2

s1

nB0
1
γ2

1� η�2
∂η

∂ξ
s

� �2

ds ð4Þ

As compared to the classical case of FR, the FR in the
relativistic regime above becomes complicated and dif-
ferent, which is designated as FVFR. In our scheme, the
applied external magnetic field is not more than 1000 T,
i.e., ω2

c � 0:009ω2
0, so the magnetic field has limited effect

on the NPW. Therefore, the relativistic fluid equation
degenerates to the case without the magnetic field (see
Materials and methods), and the equations of electron
density and the Lorentz factor are n ¼ n0f1þ ½ð1þ
a2L= 1þ ϕð Þ2Þ�=2g and γ ¼ ½1þ a2L þ 1þ ϕð Þ2�=½½2ð1þ ϕÞ�
(ref. 47), respectively. Here, aL and ϕ are the laser
dimensionless vector potential and scalar potential,
respectively. ϕ can be solved analytically via the
QSA19,47,48. Finally, Eq. (4) together with Eq. (3) can thus
predict the FR angle and the laser wavelength evolution in
the relativistic magnetized plasma.
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(LP) laser pulse with intensity of 1016W cm−2 in mag-
netized plasmas11.
The physical picture alters significantly in relativistic

regime, i.e., I λ0=μmð Þ2 � 1:37 ´ 1018 W cm−2 (I is the
laser intensity and λ0 is the laser wavelength), where the
optical nonlinear effects caused by the strong laser in
plasmas become significant, making the manipulation of
polarization for high-power lasers challenging. For
example, the nonlinear plasma wake (NPW) can be
excited in plasmas of the density of 1018 cm−3, and various
nonlinear effects occur, e.g., laser self-phase modulation,
self-steepening, and relativistic self-focusing19. These
nonlinear effects change the evolution characteristics of
drive laser significantly20–25, leading to some novel phe-
nomena, e.g., photon deceleration/acceleration and
asymmetric pulse compression26–33. Especially, the laser
photons located at the negative refractive index gradient,
i.e., ∂η=∂ξ < 0, undergo frequency down-shifting to the
mid-infrared (mid-IR) pulse via the photon decelera-
tion26–31. Here, ξ ¼ x� ct is the laser-rest frame, c is the
speed of light in vacuum, and x is the Cartesian coordi-
nate. The achieved relativistic mid-IR pulse plays a crucial
role in ultrafast science, strong-field physics, and labora-
tory astrophysics, such as investigation of electron
dynamics34,35, terahertz (THz) emission36, high-order
harmonic generation37, particle acceleration38,39, etc. In
the magnetized plasma, the photon deceleration becomes
even more significant since the refractive index is changed
by the electron cyclotron gyration. Considering the fact
that the FR angle is proportional to the square of the
instaneous laser wavelength, i.e., ΔΨ / λ2, the FR toge-
ther with the photon deceleration will be affected sig-
nificantly in the magnetized plasmas. This poses greater
challenges for the generation and manipulation of high-
power mid-IR pulses, which is a critical question in
relativistic plasma magneto-optics yet to be understood
and discussed before.
Here, we propose a novel compact rotator for relativistic

mid-IR pulses via the interplay of Faraday effect, the
relativistic effect, and the photon deceleration in magne-
tized plasmas, i.e., frequency-variable Faraday rotation
(FVFR). The rotator has been achieved by driving the
longitudinally magnetized underdense plasma with a
relativistic LP laser pulse of several tens TW. A theoretical
model has been developed to explore the electron
dynamics and underlying physics. The photon decelera-
tion coupling with the relativistic Faraday effect is capable
of not only generating long-wavelength laser pulse but
also polarizing the generated beams in a compact and
efficient manner. It is shown that the predicted FR angle
and the laser wavelength agree well with the three-
dimensional (3D) particle-in-cell (PIC) simulations. For
the first time, we realized the generation and precise
polarization manipulation of the relativistic mid-IR pulses

in magnetized plasmas. Such a rotator via FVFR is valid
from mid to far-infrared and even THz waveband, which
is distinct from the conventional methods40,41, opening a
new avenue in relativistic plasma magneto-optics and
making a major step towards the development of future
relativistic plasma optical devices. Especially, the FVFR
may contribute to the explanation of frequency-
dependent polarization evolution in the mid and far-
infrared wave42,43 and the fast radio bursts (FRBs)44,45 in
the universe.

Results
Concept and physical scheme
Figure 1 shows the schematic diagram of the magne-

tized plasma rotator, which consists of three modules, the
guider, converter, and output. In the guider correspond-
ing to the density up-ramp, the drive laser propagates in
the magnetized plasmas, exciting the NPW with a curving
refractive index. Especially, the gradually increasing den-
sity can guide the drive laser propagation while suppres-
sing the boundary electron injection. In the converter
corresponding to the density plateau, the drive laser is
split into a left-handed (LH) and a right-handed (RH) CP
subpulse, serving as a core component of the magnetized
plasma rotator. The drive laser is transformed into rela-
tivistic mid-IR pulses with precisely controlled polariza-
tion states via the FVFR. The output corresponding to the
density down-ramp, transports the mid-IR pulse out of
the plasma efficiently while preserving its beam quality. In

Mid-infrared pulse

Mid-infrared pulse

LP drive laser

Gas jet
Filter

Y

Z X

B

B

B

Guider
Converter

Output

B

Fig. 1 The schematic of magnetized plasma rotator based on the
frequency-variable Faraday rotation (FVFR) in the nonlinear
plasma wake (NPW). The rotator consists of three modules: guider,
converter, and output. The yellow arrows with different lengths
indicate the direction and intensity of the external magnetic field. The
insets show the process of laser-gas interaction and the evolution of
laser pulse in magnetized plasmas
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the following, we first develop an analytical model to
explore the interplay between the Faraday effect, the
relativistic effect, and the photon deceleration in the
magnetized plasma.
Assuming a constant external magnetic field B ¼ σB0x

along the laser axis, where σ ¼ ±1 corresponds to along
(against) the laser propagation direction and B0 is the
intensity of the magnetic field. The refractive index and
phase velocity of the resulting LHCP and RHCP subpulses
can be obtained by the wave equation of relativistic CP
pulse in the magnetized plasma as demonstrated in Eqs.
(S1)–(S5) (see Supplementary Information). The FR angle
can be calculated by ΔΨ ¼ R s2s1Δpkds=2 (ref. 46), where s ¼
s2 � s1 is the interaction length, k is the laser wave
number, and Δp ¼ vpL � vpR

�� ��=c is the difference of phase
velocity of LHCP (vpL) and RHCP (vpR) subpulses, which
can be written as (see more details in Supplementary
Section 1)

Δp �
ω2
p

ω2

n
n0

Ω

1�Ω2
ð1Þ

where ωp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πn0e2=me

p
is the plasma frequency, Ω ¼

ωc=ωγ, ω ¼ 2πc=λ is the instaneous laser angular
frequency, and ωc ¼ eB0=mec is the electron cyclotron
frequency. e, me, n, n0, γ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� v2=c2

p
, and v are the

electron charge, the rest mass, the perturbation electron
density, the initial electron density, the electron Lorentz
factor, and the local electron velocity, respectively. In the
Faraday rotation, the linearly polarized laser pulse can be
viewed as a combination of two circularly polarized
subpulses with opposite chirality. During the relativistic
laser splitting in magnetized plasma, the electrons
experience superimposed electric field force and the
Lorentz force from both resultant LHCP subpulse and
RHCP subpulse. Thus, the electron density n and the
electron Lorentz factor γ in Eq. (1) refer to the local
electron density and Lorentz factor driven by the
compound laser pulse. Note that the Faraday rotation
angle is integrated over considerable lengths that are
much longer than the laser wavelength, so that the
contribution of fast oscillation terms of relativistic factor γ
and density n driven by LP laser can be averaged. Thus,
the FR angle in the relativistic regime can be written as

ΔΨ ¼ σ
e3

2πm2
ec

4

Z s2

s1

nB0
λ2

γ2
1

1�σ2Ω2 ds ð2Þ

When the magnetic field is small, ω2
c � ω2, Ω � 0, and

Eq. (2) can thus be simplified as ΔΨ ¼
ðσe3=2πm2

ec
4ÞðR s2s1λ2nB0=γ2dsÞ. Within the laser electron

interaction region, ΔΨ is approximately proportional to
λ2=γ2max. Obviously, in the non-relativistic regime, i.e., γ ¼
1, Eq. (2) degenerates to the classical FR, i.e., ΔΨ ¼

ðσe3=2πm2
ec

4ÞðR s2s1λ2nB0dsÞ. In the relativistic regime, the
Lorentz factor plays an important role, making the FR of a
short wavelength (λ=μm< γmax) pulse more difficult.
Fortunately, the challenge can be overcome by generating
a long-wavelength (λ=μm> γmax) pulse in the magnetized
NPW, e.g., mid-IR pulses or THz waves, to mitigate the
relativistic effect.
The converter as shown in Fig. 1 serves as such a role,

where the laser frequency can be down-shifted from near-
infrared to mid and even far-infrared waveband via the
photon deceleration26–31. Here, the laser wavelength
changes in the NPW during a short time Δτ can be
estimated by λ� λ0 ¼ λ0Δτ∂vp=∂ξ (ref. 21) with Δτ∂vp=∂ξ
the difference of the phase velocity between the two
adjacent crests. Thus, the instaneous laser wavelength can
be expressed as

λ ¼ λ0 1�
Z s2

s1

η�2
∂η

∂ξ

� �
ds

� �
ð3Þ

Since the plasma in the converter is uniform, we can
assume that the drive laser pulse is quasi-static and its
envelope varies slowly within the converter due to the fact
that the laser envelope characteristic time is much larger
than the laser duration47 (see Materials and methods). In
quasi-static approximation (QSA)19,47,48, the refractive
index gradient also changes slowly, so that the term 1�R s2
s1
ðη�2∂η=∂ξÞds can be approximatively rewritten as 1�

η�2ð∂η=∂ξÞs. Due to ω2
c � ω2, the term Ω2 in Eq. (2) can

be also ignored. Combining Eq. (2) and Eq. (3), the FR
angle can be written as

ΔΨ ¼ σ
e3λ20

2πm2
ec

4

Z s2

s1

nB0
1
γ2

1� η�2
∂η

∂ξ
s

� �2

ds ð4Þ

As compared to the classical case of FR, the FR in the
relativistic regime above becomes complicated and dif-
ferent, which is designated as FVFR. In our scheme, the
applied external magnetic field is not more than 1000 T,
i.e., ω2

c � 0:009ω2
0, so the magnetic field has limited effect

on the NPW. Therefore, the relativistic fluid equation
degenerates to the case without the magnetic field (see
Materials and methods), and the equations of electron
density and the Lorentz factor are n ¼ n0f1þ ½ð1þ
a2L= 1þ ϕð Þ2Þ�=2g and γ ¼ ½1þ a2L þ 1þ ϕð Þ2�=½½2ð1þ ϕÞ�
(ref. 47), respectively. Here, aL and ϕ are the laser
dimensionless vector potential and scalar potential,
respectively. ϕ can be solved analytically via the
QSA19,47,48. Finally, Eq. (4) together with Eq. (3) can thus
predict the FR angle and the laser wavelength evolution in
the relativistic magnetized plasma.
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(LP) laser pulse with intensity of 1016W cm−2 in mag-
netized plasmas11.
The physical picture alters significantly in relativistic

regime, i.e., I λ0=μmð Þ2 � 1:37 ´ 1018 W cm−2 (I is the
laser intensity and λ0 is the laser wavelength), where the
optical nonlinear effects caused by the strong laser in
plasmas become significant, making the manipulation of
polarization for high-power lasers challenging. For
example, the nonlinear plasma wake (NPW) can be
excited in plasmas of the density of 1018 cm−3, and various
nonlinear effects occur, e.g., laser self-phase modulation,
self-steepening, and relativistic self-focusing19. These
nonlinear effects change the evolution characteristics of
drive laser significantly20–25, leading to some novel phe-
nomena, e.g., photon deceleration/acceleration and
asymmetric pulse compression26–33. Especially, the laser
photons located at the negative refractive index gradient,
i.e., ∂η=∂ξ < 0, undergo frequency down-shifting to the
mid-infrared (mid-IR) pulse via the photon decelera-
tion26–31. Here, ξ ¼ x� ct is the laser-rest frame, c is the
speed of light in vacuum, and x is the Cartesian coordi-
nate. The achieved relativistic mid-IR pulse plays a crucial
role in ultrafast science, strong-field physics, and labora-
tory astrophysics, such as investigation of electron
dynamics34,35, terahertz (THz) emission36, high-order
harmonic generation37, particle acceleration38,39, etc. In
the magnetized plasma, the photon deceleration becomes
even more significant since the refractive index is changed
by the electron cyclotron gyration. Considering the fact
that the FR angle is proportional to the square of the
instaneous laser wavelength, i.e., ΔΨ / λ2, the FR toge-
ther with the photon deceleration will be affected sig-
nificantly in the magnetized plasmas. This poses greater
challenges for the generation and manipulation of high-
power mid-IR pulses, which is a critical question in
relativistic plasma magneto-optics yet to be understood
and discussed before.
Here, we propose a novel compact rotator for relativistic

mid-IR pulses via the interplay of Faraday effect, the
relativistic effect, and the photon deceleration in magne-
tized plasmas, i.e., frequency-variable Faraday rotation
(FVFR). The rotator has been achieved by driving the
longitudinally magnetized underdense plasma with a
relativistic LP laser pulse of several tens TW. A theoretical
model has been developed to explore the electron
dynamics and underlying physics. The photon decelera-
tion coupling with the relativistic Faraday effect is capable
of not only generating long-wavelength laser pulse but
also polarizing the generated beams in a compact and
efficient manner. It is shown that the predicted FR angle
and the laser wavelength agree well with the three-
dimensional (3D) particle-in-cell (PIC) simulations. For
the first time, we realized the generation and precise
polarization manipulation of the relativistic mid-IR pulses

in magnetized plasmas. Such a rotator via FVFR is valid
from mid to far-infrared and even THz waveband, which
is distinct from the conventional methods40,41, opening a
new avenue in relativistic plasma magneto-optics and
making a major step towards the development of future
relativistic plasma optical devices. Especially, the FVFR
may contribute to the explanation of frequency-
dependent polarization evolution in the mid and far-
infrared wave42,43 and the fast radio bursts (FRBs)44,45 in
the universe.

Results
Concept and physical scheme
Figure 1 shows the schematic diagram of the magne-

tized plasma rotator, which consists of three modules, the
guider, converter, and output. In the guider correspond-
ing to the density up-ramp, the drive laser propagates in
the magnetized plasmas, exciting the NPW with a curving
refractive index. Especially, the gradually increasing den-
sity can guide the drive laser propagation while suppres-
sing the boundary electron injection. In the converter
corresponding to the density plateau, the drive laser is
split into a left-handed (LH) and a right-handed (RH) CP
subpulse, serving as a core component of the magnetized
plasma rotator. The drive laser is transformed into rela-
tivistic mid-IR pulses with precisely controlled polariza-
tion states via the FVFR. The output corresponding to the
density down-ramp, transports the mid-IR pulse out of
the plasma efficiently while preserving its beam quality. In

Mid-infrared pulse

Mid-infrared pulse

LP drive laser

Gas jet
Filter

Y

Z X

B

B

B

Guider
Converter

Output

B

Fig. 1 The schematic of magnetized plasma rotator based on the
frequency-variable Faraday rotation (FVFR) in the nonlinear
plasma wake (NPW). The rotator consists of three modules: guider,
converter, and output. The yellow arrows with different lengths
indicate the direction and intensity of the external magnetic field. The
insets show the process of laser-gas interaction and the evolution of
laser pulse in magnetized plasmas
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external magnetic field, the CEP of the generated mid-IR
pulse remains phase-locked to that of the drive laser26,28.
However, under an external longitudinal magnetic field,
φy shows significant B-field intensity dependence due to
Faraday rotation, which approaches �0:7π at B> 400 T.
This is because the group velocity despersion (GVD)
makes the LHCP subpulse of drive laser, which is mainly
responsible for generating the mid-IR pulses, slightly
divorce from plasmas, resulting in a smaller phase shift.
Similarly, the phase difference Δφ also depends on the
magnetic field, and the mid-IR pulse becomes circularly
polarized when Δφ ¼ 0:5π or π� Δφ ¼ 0:5π.
Here, we present an extreme case to exemplify the

generation of the CP mid-IR pulse at B ¼ 1000 T. Under
these conditions, the electron cyclotron frequency
remains substantially smaller than the drive laser fre-
quency (ω2

c ¼ 0:009ω2
0), ensuring limited effect of the

external magnetic field on the NPW. Such a strong
magnetic field can be already generated by laser-matter
interaction50–57, e.g., laser solid-target interaction52, a
laser-driven capacitor-coil target or a snail target51,56,57,
etc. The magnetic fields of more than 1000 T generated
via these techniques can exist in excess of 1 ns (ref. 51),
significantly exceeding the characteristic interaction

durations in our scheme. Figure 3 shows the evolution of
the transverse electric field and the electron density at
x ¼ 400 μm, 1300 μm and 1700 μm with B ¼ 1000
T when the simulation box front reaches (details in
Supplementary Figs. S1 and S2 in the Supplementary
Information). It can be clearly seen that a stable plasma
wake (bubble)58,59 can be excited in the magnetized
plasma, and the drive laser pulse is located always at the
front of the bubble. At x ¼ 400 μm (i.e., guilder), the Ez

component of the drive laser has appeared due to the
relativistic Faraday rotation, as shown in Fig. 3d. In the
converter, the long-wavelength mid-IR pulse is effectively
generated via the photon deceleration, which later slips
backwards into the plasma bubble relative to the drive
laser pulse due to the GVD. Confined by the bubble
sheath, the spot size of the mid-IR pulse matches
the bubble diameter, as shown in Fig. 3b, e. In the output,
the mid-IR pulse leaves the plasma while preserving its
beam quality as shown in Fig. 3c, f.
Figure 4 exhibits the beam quality of the generated mid-

IR pulse in an extreme case with B ¼ 1000 T. It is shown
that a relativistic mid-IR pulse filtered by the bandpass
filter can be generated with a full width at half maximum
(FWHM) duration of about 46.3 fs, a spot size of 20.8 μm,
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Fig. 3 The evolution of transverse electric field and background electron density. The snapshots of transverse electric field Ey (a–c), Ez (d–f) and
the background electron density at x ¼ 400 μm, 1300 μm, and 1700 μm, respectively
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3D PIC simulations
To demonstrate the plasma rotator via the FVFR in the

NPW, a series of 3D PIC simulations have been per-
formed by using the OSIRIS code49. The longitudinally
magnetized plasma has a 400 μm linear up-ramp (guider),
a 900 μm plateau (converter), and a 400 μm linear down-
ramp (output) with the maximum density of n0 ¼
4:5 ´ 1018 cm−3. The drive laser pulse is characterized by
the dimensionless parameter of aL ¼ 3, a wavelength of
1 μm, a full width of 33 fs, a focal size of 15 μm, and a peak
power of about 43 TW, polarized along the y direction.
Figure 2 presents the beam characteristics of generated

mid-IR pulse at different magnetic field B at x ¼ 1300 μm.
It is shown that the numerical center wavelength of
6.2 μm is comparable to the analytically expected wave-
length of ~5.5 μm by Eq. (3). In Fig. 2a, the analytical
results of Eq. (2), Eq. (4), and the classical FR equation are
compared with the 3D PIC simulations. Here, Eq. (2) is
the Faraday rotation angle in the relativistic regime but
does not yet consider the wavelength change, so the
relativistic Faraday rotation angle becomes about γ2 times
smaller than the classical Faraday rotation. Equation (4)
is the Faraday rotation in the relativistic regime con-
sidering the interplay of Faraday effect, the relativistic
effect, and the photon deceleration. It is indicated that the
analytical model predicts well the PIC simulations,

validating the magnetized plasma rotator in the relativistic
regime. Figure 2b shows the electric field components Ey

and Ez of mid-IR pulses as well as the intensity ratio
(Ez=Ey) under different external magnetic fields. It can be
seen that, as the magnetic field strength increase, Ez

increases while Ey decreases. At B ¼ 500 T, the intensity
ratio Ez=Ey exceeds 1.0, indicating a polarization rotation
angle greater than 45°. In order to precisely describe the
mid-IR polarization, Fig. 2c presents the Stokes para-
meters Q, U , and V (see Materials and methods) at the
peak position of the mid-IR pulse envelope under differ-
ent magnetic fields, providing a clear visualization of the
polarization state of the mid-IR pulse. The results show
distinct nonreciprocal behavior in the FVFR, with oppo-
site polarization and chirality observed at B> 0 and B< 0.
Specifically, the mid-IR pulse shows LHCP state when
B> 0, with its polarization plane rotating towards +45°,
i.e., Q goes from 1 to about 0, with U > 0 and V < 0.
Conversely, the polarization plane rotates towards -45°
with a RHCP state when B< 0, i.e., U < 0 and V > 0. In
addition, the carrier envelope phase (CEP) of the mid-IR
pulse is also an important parameter, especially for few-
cycle pulses. Figure 2d presents the phase change of Ey (ϕy

) and the phase difference of Ey and Ez (Δϕ) as a function
of the magnetic field B. Previous studies have demon-
strated that in the photon deceleration without an
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external magnetic field, the CEP of the generated mid-IR
pulse remains phase-locked to that of the drive laser26,28.
However, under an external longitudinal magnetic field,
φy shows significant B-field intensity dependence due to
Faraday rotation, which approaches �0:7π at B> 400 T.
This is because the group velocity despersion (GVD)
makes the LHCP subpulse of drive laser, which is mainly
responsible for generating the mid-IR pulses, slightly
divorce from plasmas, resulting in a smaller phase shift.
Similarly, the phase difference Δφ also depends on the
magnetic field, and the mid-IR pulse becomes circularly
polarized when Δφ ¼ 0:5π or π� Δφ ¼ 0:5π.
Here, we present an extreme case to exemplify the

generation of the CP mid-IR pulse at B ¼ 1000 T. Under
these conditions, the electron cyclotron frequency
remains substantially smaller than the drive laser fre-
quency (ω2

c ¼ 0:009ω2
0), ensuring limited effect of the

external magnetic field on the NPW. Such a strong
magnetic field can be already generated by laser-matter
interaction50–57, e.g., laser solid-target interaction52, a
laser-driven capacitor-coil target or a snail target51,56,57,
etc. The magnetic fields of more than 1000 T generated
via these techniques can exist in excess of 1 ns (ref. 51),
significantly exceeding the characteristic interaction

durations in our scheme. Figure 3 shows the evolution of
the transverse electric field and the electron density at
x ¼ 400 μm, 1300 μm and 1700 μm with B ¼ 1000
T when the simulation box front reaches (details in
Supplementary Figs. S1 and S2 in the Supplementary
Information). It can be clearly seen that a stable plasma
wake (bubble)58,59 can be excited in the magnetized
plasma, and the drive laser pulse is located always at the
front of the bubble. At x ¼ 400 μm (i.e., guilder), the Ez

component of the drive laser has appeared due to the
relativistic Faraday rotation, as shown in Fig. 3d. In the
converter, the long-wavelength mid-IR pulse is effectively
generated via the photon deceleration, which later slips
backwards into the plasma bubble relative to the drive
laser pulse due to the GVD. Confined by the bubble
sheath, the spot size of the mid-IR pulse matches
the bubble diameter, as shown in Fig. 3b, e. In the output,
the mid-IR pulse leaves the plasma while preserving its
beam quality as shown in Fig. 3c, f.
Figure 4 exhibits the beam quality of the generated mid-

IR pulse in an extreme case with B ¼ 1000 T. It is shown
that a relativistic mid-IR pulse filtered by the bandpass
filter can be generated with a full width at half maximum
(FWHM) duration of about 46.3 fs, a spot size of 20.8 μm,
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3D PIC simulations
To demonstrate the plasma rotator via the FVFR in the

NPW, a series of 3D PIC simulations have been per-
formed by using the OSIRIS code49. The longitudinally
magnetized plasma has a 400 μm linear up-ramp (guider),
a 900 μm plateau (converter), and a 400 μm linear down-
ramp (output) with the maximum density of n0 ¼
4:5 ´ 1018 cm−3. The drive laser pulse is characterized by
the dimensionless parameter of aL ¼ 3, a wavelength of
1 μm, a full width of 33 fs, a focal size of 15 μm, and a peak
power of about 43 TW, polarized along the y direction.
Figure 2 presents the beam characteristics of generated

mid-IR pulse at different magnetic field B at x ¼ 1300 μm.
It is shown that the numerical center wavelength of
6.2 μm is comparable to the analytically expected wave-
length of ~5.5 μm by Eq. (3). In Fig. 2a, the analytical
results of Eq. (2), Eq. (4), and the classical FR equation are
compared with the 3D PIC simulations. Here, Eq. (2) is
the Faraday rotation angle in the relativistic regime but
does not yet consider the wavelength change, so the
relativistic Faraday rotation angle becomes about γ2 times
smaller than the classical Faraday rotation. Equation (4)
is the Faraday rotation in the relativistic regime con-
sidering the interplay of Faraday effect, the relativistic
effect, and the photon deceleration. It is indicated that the
analytical model predicts well the PIC simulations,

validating the magnetized plasma rotator in the relativistic
regime. Figure 2b shows the electric field components Ey

and Ez of mid-IR pulses as well as the intensity ratio
(Ez=Ey) under different external magnetic fields. It can be
seen that, as the magnetic field strength increase, Ez

increases while Ey decreases. At B ¼ 500 T, the intensity
ratio Ez=Ey exceeds 1.0, indicating a polarization rotation
angle greater than 45°. In order to precisely describe the
mid-IR polarization, Fig. 2c presents the Stokes para-
meters Q, U , and V (see Materials and methods) at the
peak position of the mid-IR pulse envelope under differ-
ent magnetic fields, providing a clear visualization of the
polarization state of the mid-IR pulse. The results show
distinct nonreciprocal behavior in the FVFR, with oppo-
site polarization and chirality observed at B> 0 and B< 0.
Specifically, the mid-IR pulse shows LHCP state when
B> 0, with its polarization plane rotating towards +45°,
i.e., Q goes from 1 to about 0, with U > 0 and V < 0.
Conversely, the polarization plane rotates towards -45°
with a RHCP state when B< 0, i.e., U < 0 and V > 0. In
addition, the carrier envelope phase (CEP) of the mid-IR
pulse is also an important parameter, especially for few-
cycle pulses. Figure 2d presents the phase change of Ey (ϕy

) and the phase difference of Ey and Ez (Δϕ) as a function
of the magnetic field B. Previous studies have demon-
strated that in the photon deceleration without an
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along the laser propagation direction. The polarization of
mid-IR pulse is consistent with the drive laser when there is
no external magnetic field, i.e., Q ¼ 1, U � 0, and V � 0,
as shown in Fig. 5d. With the increase of the magnetic field,
the generated mid-IR pulse becomes elliptically polarized,
e.g., Q � �0:60, U � 0:31, and V � �0:74 at B ¼ 500 T
as shown in Fig. 5e. In an extreme case, the LHCP mid-IR
pulse (V � �0:96) can be obtained at B ¼ 1000 T in
Fig. 5f. As expected, a RHCP mid-IR pulse can also be
generated when the magnetic field revers the direction. By
use of a long-wavelength drive laser, e.g., CO2 laser with
λ0 ¼ 10 μm, the proposed magnetized plasma rotator, at

an appropriate parameter of the external magnetic field,
can also be used to modulate the polarization of far-
infrared pulse, e.g., THz wave31. Compared with the
polarization-tunable THz wave emitting in magnetized
gas40,41, the proposed compact magnetized plasma rotator
based on FVFR can manipulate the polarization of relati-
vistic THz waves in a different manner of optical spectrum
evolution. Such a relativistic mid and far-IR pulse with
tunable polarization have demonstrated a crucial role in
strong fields and attosecond science, e.g., the above-
threshold ionization35,61–63 and charge particle accelera-
tion38,64–66, etc.
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and a peak electric field EMIR � 6:1 ´ 1011 V m−1. The
dimensionless laser electric field is aMIR � 1:3, and

the spatial average polarization degree defined by Ps ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Qh i2s þ Uh i2s þ Vh i2s

q
= Ih is (ref. 60) can reach 0.94 (more

polarization information of the output pulse are shown in
Supplementary Fig. S3 of the Supplementary Informa-
tion). In addition, after the pulse leaves the plasma, the
divergence angle of mid-IR pulse can be estimated as θ ¼
arctanðrs=LÞ � 6.4°, where rs is the radius of the spot size
at x ¼ 1900 μm, and L ¼ 200 μm is the propagation
length. Figure 4b presents the spectral distribution of the
on-axis electric field at x ¼ 0 μm and x ¼ 1700 μm,
respectively. One sees that the mid-IR pulse has a spectral
width of 5–25 μm and an energy conversion efficiency of
1.8%, centered at λc ¼ 6:7 μm. As expected in Fig. 4b, Ey

and Ez of the mid-IR pulse have the same amplitude,
justifying the LHCP pulse generation. The refractive index
of resulting LHCP and RHCP subpulses, and the Stokes
parameter V of the drive laser are also shown in Fig. 4c.
Similar to the classical Faraday effect11–13, the different
refractive index causes different phase velocity and group
velocity, leading to the splitting of the LHCP pulse and
the RHCP pulse in the magnetized plasma, according
to Supplementary Eqs. (S3) and (S4). However, the

excitation of plasma bubble with negligible electrons leads
to incomplete relativistic laser splitting. Therefore, under
an extreme magnetic field of 1000 T, as shown in Fig. 4c,
the slower LHCP subpulse slips backward into a region
with a smaller negative refractive index gradient, i.e.,
∂ηL=∂ξ < ∂ηR=∂ξ, where it becomes the dominant source
of the LHCP mid-IR pulse. Though this case corresponds
to the magnetic field of B = 1000 T, the magnetized
plasma rotator is also valid at a much lower magnetic
field, e.g., B= 500 T (see Supplementary Fig. S4), which
can be already generated by laser-driven coil-targets at
GEKKO-XII and LULI2000 laser facilities51,53. In this
case, the achieved mid-IR pulse is also CP with intensity
of Ey � Ez � 1:8 ´ 1011 V m−1.
In the converter, the generated mid-IR pulse gradually

slips backward into the bubble and moves forward together
with the drive laser because of the GVD. After x ¼ 1300
μm, the drive laser enters into the output. In this stage, the
bubble enlarges gradually in the down-ramp, making the
center of the bubble retreat relative to the mid-IR pulse at a
small velocity. Figure 5 exhibits the Lissajous figures and
the Stokes parameters of the mid-IR pulse with different B
at the end of the output. One clearly sees that, regardless of
the intensity of the magnetic field, the generated mid-IR
pulse is left-handed when the external magnetic field is
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along the laser propagation direction. The polarization of
mid-IR pulse is consistent with the drive laser when there is
no external magnetic field, i.e., Q ¼ 1, U � 0, and V � 0,
as shown in Fig. 5d. With the increase of the magnetic field,
the generated mid-IR pulse becomes elliptically polarized,
e.g., Q � �0:60, U � 0:31, and V � �0:74 at B ¼ 500 T
as shown in Fig. 5e. In an extreme case, the LHCP mid-IR
pulse (V � �0:96) can be obtained at B ¼ 1000 T in
Fig. 5f. As expected, a RHCP mid-IR pulse can also be
generated when the magnetic field revers the direction. By
use of a long-wavelength drive laser, e.g., CO2 laser with
λ0 ¼ 10 μm, the proposed magnetized plasma rotator, at

an appropriate parameter of the external magnetic field,
can also be used to modulate the polarization of far-
infrared pulse, e.g., THz wave31. Compared with the
polarization-tunable THz wave emitting in magnetized
gas40,41, the proposed compact magnetized plasma rotator
based on FVFR can manipulate the polarization of relati-
vistic THz waves in a different manner of optical spectrum
evolution. Such a relativistic mid and far-IR pulse with
tunable polarization have demonstrated a crucial role in
strong fields and attosecond science, e.g., the above-
threshold ionization35,61–63 and charge particle accelera-
tion38,64–66, etc.
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and a peak electric field EMIR � 6:1 ´ 1011 V m−1. The
dimensionless laser electric field is aMIR � 1:3, and

the spatial average polarization degree defined by Ps ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Qh i2s þ Uh i2s þ Vh i2s

q
= Ih is (ref. 60) can reach 0.94 (more

polarization information of the output pulse are shown in
Supplementary Fig. S3 of the Supplementary Informa-
tion). In addition, after the pulse leaves the plasma, the
divergence angle of mid-IR pulse can be estimated as θ ¼
arctanðrs=LÞ � 6.4°, where rs is the radius of the spot size
at x ¼ 1900 μm, and L ¼ 200 μm is the propagation
length. Figure 4b presents the spectral distribution of the
on-axis electric field at x ¼ 0 μm and x ¼ 1700 μm,
respectively. One sees that the mid-IR pulse has a spectral
width of 5–25 μm and an energy conversion efficiency of
1.8%, centered at λc ¼ 6:7 μm. As expected in Fig. 4b, Ey

and Ez of the mid-IR pulse have the same amplitude,
justifying the LHCP pulse generation. The refractive index
of resulting LHCP and RHCP subpulses, and the Stokes
parameter V of the drive laser are also shown in Fig. 4c.
Similar to the classical Faraday effect11–13, the different
refractive index causes different phase velocity and group
velocity, leading to the splitting of the LHCP pulse and
the RHCP pulse in the magnetized plasma, according
to Supplementary Eqs. (S3) and (S4). However, the

excitation of plasma bubble with negligible electrons leads
to incomplete relativistic laser splitting. Therefore, under
an extreme magnetic field of 1000 T, as shown in Fig. 4c,
the slower LHCP subpulse slips backward into a region
with a smaller negative refractive index gradient, i.e.,
∂ηL=∂ξ < ∂ηR=∂ξ, where it becomes the dominant source
of the LHCP mid-IR pulse. Though this case corresponds
to the magnetic field of B = 1000 T, the magnetized
plasma rotator is also valid at a much lower magnetic
field, e.g., B= 500 T (see Supplementary Fig. S4), which
can be already generated by laser-driven coil-targets at
GEKKO-XII and LULI2000 laser facilities51,53. In this
case, the achieved mid-IR pulse is also CP with intensity
of Ey � Ez � 1:8 ´ 1011 V m−1.
In the converter, the generated mid-IR pulse gradually

slips backward into the bubble and moves forward together
with the drive laser because of the GVD. After x ¼ 1300
μm, the drive laser enters into the output. In this stage, the
bubble enlarges gradually in the down-ramp, making the
center of the bubble retreat relative to the mid-IR pulse at a
small velocity. Figure 5 exhibits the Lissajous figures and
the Stokes parameters of the mid-IR pulse with different B
at the end of the output. One clearly sees that, regardless of
the intensity of the magnetic field, the generated mid-IR
pulse is left-handed when the external magnetic field is

8
–10

FWHM ≈ 46.3 fs

10

–8
0

60
t (fs)

120 –3
5

35

0

y (
�m

)

–8
8

0

0Ey (×
1011  V/m)

E z
 (×

10
11

 V
/m

)

Ey (×1011 V/m)

Sp
ec

tra
l i

nt
en

si
ty

 (a
.u

.)

η

Wavelength (�m) ξ (�m)

0

1.000

0.997
V
ηR LHCP

RHCP

ηL

–15 –10 –5 0
–0.3

–0.2

–0.1 V

0.0

0.11

1 10

b

a

Initial
Ey (×5)
Ez (×5)

λc = 6.7 �m
x = 1000 �m

c

Fig. 4 The mid-IR pulse beam quality. a The temporal profile of the on-axis mid-IR electric field at x ¼ 1700 μm. b Spectral distribution of on-axis
electric field at x ¼ 0 μm (black) and x ¼ 1700 μm (red and blue). c The distributions of refractive index of LCHP (black), RHCP subpulses (red), and
the Stokes parameter V of drive laser (blue) at x ¼ 1000 μm

Li et al. Light: Science & Applications ����������(2026)�15:25� Page 6 of 12



284  | Light Sci Appl | 2026 | Vol 15 | Issue 1 LSA

of mid-IR pulse, can be improved by increasing the plasma
density. This is because a larger n0 provides a smaller
refractive index gradient to expedite the frequency down-
shifting. However, at n0 ¼ 5:5 ´ 1018 cm−3, the photon
acceleration occurred at the tail of the plasma bubble,
leading to a shortened wavelength. Figure 6f also shows that
the field strength EMIR, the duration, and the energy con-
version efficiency are improved by using a longer Lc, since a
longer Lc enables more photons to convert to the mid-IR
pulse. Similarly, the photon acceleration shortens the mid-
IR pulse wavelength when Lc exceeds the optimal conver-
sion length. The longer Lo makes the central wavelength
short and the efficiency higher because the mid-IR pulse
undergoes the photon acceleration when it is located at the
tail of the bubble, as shown in Fig. 6g. However, the field
strength EMIR decreases slightly because the longer Lo leads
to a larger bubble, making the duration of the mid-IR pulse
longer. This indicates that the proposed magnetic plasma
rotator is highly robust and valid for a wide plasma para-
meter range of n0, Lc, and Lo. In addition, Fig. 6h shows that
as the initial laser intensity increases, the center wavelength
of the mid-IR pulse lengthens while the intensity EMIR, the
laser energy conversion efficiency and the duration of mid-
IR pulse initially increase before the saturation. It should be
noted that, at aL ¼ 1, the mid-IR pulse generation within
the plasma bubble is suppressed (not shown here). How-
ever, when aL ¼ 5, the generated mid-IR pulse wavelength
reaches ~13.5 μm. This induces a significant polarization
rotation, yielding an elliptically polarized mid-IR pulse.
To further illustrate the correctness of the simulation

results and the operability of the proposed rotator, we
discuss additional potential issues, e.g., the spatially non-
uniform external magnetic field obtained by the laser
driven coil-target, the directed motion of the gas jet, and
the plasma temperature. In practice, the external mag-
netic field, taking the laser driven coil-target for example,
conforms to the Biot-Savart Law. In this case, the CP mid-
IR pulse can still be generated (see Supplementary Fig. S5
in the Supplementary Information). In our scenario, the
plasma is produced by a gas jet, which can operate at
subsonic or supersonic speeds, as schematically shown in
Fig. 1. Since the movement distance of the plasma ejection
during the interaction time is much less than 1 μm, the
directed motion of the plasma ejection does not affect the
FVFR and the generation of the mid-IR pulse (see Sup-
plementary Fig. S6). Similarly, our additional simulations
show that the plasma temperature effects can be ignored,
as demonstrated in Supplementary Fig. S7, where we
consider two cases of different initial plasma temperature,
T ¼ 10 eV and 50 eV, respectively. Finally, the output
mid-IR pulse can be filtered by a well-designed IR beam
splitter coated with indium tin oxide in experiments27,
and the filtered mid-IR pulses can be used in exploring
electron dynamics, e.g., the strong-field ionization35.

In summary, we have proposed a novel compact magne-
tized plasma rotator based on the interplay of Faraday effect,
the relativistic effect, and the photon deceleration, i.e., the
FVFR, in magnetized NPW. With the rotator, the laser
frequency can be down-shifted to the mid-IR band via
photon deceleration, and the polarization of the generated
mid-IR pulse can be controlled efficiently by the external
magnetic fields. Full 3D PIC simulations indicate that the
pulse wavelength and rotation angle agree well with the
developed analytical model, providing a basis for designing
rotators in experiments. It is the first time to directly
modulate and manipulate the polarization of relativistic
mid-IR pulses in magnetized plasmas. Such a novel plasma
rotator via the FVFR is valid from mid to far-infrared and
even THz waveband, offering new opportunities for strong-
field physics, attosecond science, and laboratory astro-
physics. Especially, this shall open a new avenue in relati-
vistic plasma magneto-optics, e.g., the generation of tens of
terawatt polarization-tunable mid-IR pulses on PW laser
facilities, making a major step towards the development of
future relativistic plasma optical devices. Meanwhile, the
observed FVFR may be also highly relevant to some astro-
physical phenomena, such as the frequency-dependent
polarization evolution in the mid-IR wave and the fast
radio bursts (FRBs) in the universe.

Materials and methods
The 1D theory of the nonlinear plasma wave generation
with external magnetic field
When a relativistic LP laser pulse interacts with a

longitudinally strongly magnetized underdense plasma, a
nonlinear wake can be excited19. This can be described by
the one-dimensional (1D) relativistic fluid equations of
cold plasmas with stationary ions. Assuming the polar-
ization of the initial laser pulse alone the y-direction, and
the laser propagation along the x-direction, and ignoring
the plasma diamagnetism caused by electron rotation, the
relativistic fluid equations in the laser-rest frame (ξ, τ) can
be given by

∂2ϕ

∂ξ2
¼ k2p

n
n0
� 1

� �
ð5Þ

∂ n 1� βx
� �� �
∂ξ

¼ 1
c
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1
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∂ γβx
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þ 1

2γc 1� σ2Ω2
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c
∂γ
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" #

ð7Þ

where kp is the wave number of plasmas, βx is the
longitudinal normalized electron velocity.
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Discussion
We now discuss the robustness of the magnetized plasma

rotator in terms of the plasma parameters and laser inten-
sity. As shown in Fig. 6a–d, the Stokes parameters Q and U
change with the electron density n0, the length of converter
Lc and output Lo, and the initial laser dimensionless

parameter aL, but V is always ~−1 with Ez=Ey larger than
0.84 (except the case of aL ¼ 5 with Ez=Ey ¼ 1:4), indi-
cating the stable generation of the LHCP mid-IR pulse. On
the other hand, one can see in Fig. 6e that the intensity EMIR

and the center wavelength of the mid-IR pulse, together
with the laser energy conversion efficiency and the duration
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of mid-IR pulse, can be improved by increasing the plasma
density. This is because a larger n0 provides a smaller
refractive index gradient to expedite the frequency down-
shifting. However, at n0 ¼ 5:5 ´ 1018 cm−3, the photon
acceleration occurred at the tail of the plasma bubble,
leading to a shortened wavelength. Figure 6f also shows that
the field strength EMIR, the duration, and the energy con-
version efficiency are improved by using a longer Lc, since a
longer Lc enables more photons to convert to the mid-IR
pulse. Similarly, the photon acceleration shortens the mid-
IR pulse wavelength when Lc exceeds the optimal conver-
sion length. The longer Lo makes the central wavelength
short and the efficiency higher because the mid-IR pulse
undergoes the photon acceleration when it is located at the
tail of the bubble, as shown in Fig. 6g. However, the field
strength EMIR decreases slightly because the longer Lo leads
to a larger bubble, making the duration of the mid-IR pulse
longer. This indicates that the proposed magnetic plasma
rotator is highly robust and valid for a wide plasma para-
meter range of n0, Lc, and Lo. In addition, Fig. 6h shows that
as the initial laser intensity increases, the center wavelength
of the mid-IR pulse lengthens while the intensity EMIR, the
laser energy conversion efficiency and the duration of mid-
IR pulse initially increase before the saturation. It should be
noted that, at aL ¼ 1, the mid-IR pulse generation within
the plasma bubble is suppressed (not shown here). How-
ever, when aL ¼ 5, the generated mid-IR pulse wavelength
reaches ~13.5 μm. This induces a significant polarization
rotation, yielding an elliptically polarized mid-IR pulse.
To further illustrate the correctness of the simulation

results and the operability of the proposed rotator, we
discuss additional potential issues, e.g., the spatially non-
uniform external magnetic field obtained by the laser
driven coil-target, the directed motion of the gas jet, and
the plasma temperature. In practice, the external mag-
netic field, taking the laser driven coil-target for example,
conforms to the Biot-Savart Law. In this case, the CP mid-
IR pulse can still be generated (see Supplementary Fig. S5
in the Supplementary Information). In our scenario, the
plasma is produced by a gas jet, which can operate at
subsonic or supersonic speeds, as schematically shown in
Fig. 1. Since the movement distance of the plasma ejection
during the interaction time is much less than 1 μm, the
directed motion of the plasma ejection does not affect the
FVFR and the generation of the mid-IR pulse (see Sup-
plementary Fig. S6). Similarly, our additional simulations
show that the plasma temperature effects can be ignored,
as demonstrated in Supplementary Fig. S7, where we
consider two cases of different initial plasma temperature,
T ¼ 10 eV and 50 eV, respectively. Finally, the output
mid-IR pulse can be filtered by a well-designed IR beam
splitter coated with indium tin oxide in experiments27,
and the filtered mid-IR pulses can be used in exploring
electron dynamics, e.g., the strong-field ionization35.

In summary, we have proposed a novel compact magne-
tized plasma rotator based on the interplay of Faraday effect,
the relativistic effect, and the photon deceleration, i.e., the
FVFR, in magnetized NPW. With the rotator, the laser
frequency can be down-shifted to the mid-IR band via
photon deceleration, and the polarization of the generated
mid-IR pulse can be controlled efficiently by the external
magnetic fields. Full 3D PIC simulations indicate that the
pulse wavelength and rotation angle agree well with the
developed analytical model, providing a basis for designing
rotators in experiments. It is the first time to directly
modulate and manipulate the polarization of relativistic
mid-IR pulses in magnetized plasmas. Such a novel plasma
rotator via the FVFR is valid from mid to far-infrared and
even THz waveband, offering new opportunities for strong-
field physics, attosecond science, and laboratory astro-
physics. Especially, this shall open a new avenue in relati-
vistic plasma magneto-optics, e.g., the generation of tens of
terawatt polarization-tunable mid-IR pulses on PW laser
facilities, making a major step towards the development of
future relativistic plasma optical devices. Meanwhile, the
observed FVFR may be also highly relevant to some astro-
physical phenomena, such as the frequency-dependent
polarization evolution in the mid-IR wave and the fast
radio bursts (FRBs) in the universe.

Materials and methods
The 1D theory of the nonlinear plasma wave generation
with external magnetic field
When a relativistic LP laser pulse interacts with a

longitudinally strongly magnetized underdense plasma, a
nonlinear wake can be excited19. This can be described by
the one-dimensional (1D) relativistic fluid equations of
cold plasmas with stationary ions. Assuming the polar-
ization of the initial laser pulse alone the y-direction, and
the laser propagation along the x-direction, and ignoring
the plasma diamagnetism caused by electron rotation, the
relativistic fluid equations in the laser-rest frame (ξ, τ) can
be given by

∂2ϕ
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¼ k2p
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where kp is the wave number of plasmas, βx is the
longitudinal normalized electron velocity.
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Discussion
We now discuss the robustness of the magnetized plasma

rotator in terms of the plasma parameters and laser inten-
sity. As shown in Fig. 6a–d, the Stokes parameters Q and U
change with the electron density n0, the length of converter
Lc and output Lo, and the initial laser dimensionless

parameter aL, but V is always ~−1 with Ez=Ey larger than
0.84 (except the case of aL ¼ 5 with Ez=Ey ¼ 1:4), indi-
cating the stable generation of the LHCP mid-IR pulse. On
the other hand, one can see in Fig. 6e that the intensity EMIR

and the center wavelength of the mid-IR pulse, together
with the laser energy conversion efficiency and the duration
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Since the plasma in the converter is uniform, we can
assume that the drive laser pulse is quasi-static and its
envelope varies slowly within the converter due to the fact
that the laser envelope characteristic time τe �
2γmaxjn0=nmaxjðω0=ωpÞ=ωp � 0:4 ps is much larger than
the laser duration τd

47, where the density perturbation
nmax and the relativistic factor γmax are obtained at the
peak position of the drive laser envelope in PIC simula-
tions. In QSA19,47,48, Eqs. (6) and (7) can be integrated to
n 1� βx
� � ¼ n0 and γ 1� βx

� �� ϕ ¼ 1, respectively.
Therefore, Eq. (5) can be rewritten as

∂2ϕ

∂ kpξ
� �2 ¼

γ

1þ ϕ
� 1

� �
ð8Þ

Considering γð1� βxÞ � ϕ ¼ 1 and γ ¼ ð1þ γ2β2xþ
γ2β2y þ γβ2zÞ1=2, γ in the QSA can be solved from

1� 2γ 1þ ϕð Þ þ 1þ ϕð Þ2 þ a2L
1� σ2Ω2
� �2 þ

a2Lσ
2Ω2

1� σ2Ω2
� �2 ¼ 0

ð9Þ
where βy and βz are the transverse normalized electron
velocity, which can be solved from the electron momen-
tum equation with an external magnetic field. γ and the
election density n ¼ γn0=ð1þ ϕÞ can be put into Eq. (4)
to obtain the FVFR angle.

Particle-in-cell simulations
The initial LP laser electric field with a polarization of y

direction can be expressed as follows

a ¼ aL exp � r2

w2
0

� �
sin2

πt
τd

� �
sin ω0tð Þ ð10Þ

Here, aL ¼ 3, λ0 ¼ 1 μm, w0 ¼ 15 μm, and τd ¼ 33 fs.
These correspond to the laser peak intensity of
I0 � 1:2 ´ 1019 W cm−2, peak power of 43 TW, and pulse
energy of about 710 mJ. The initial laser pulse is assumed
to arrive at the vacuum-plasma interface at x ¼ 0 μm.
The 3D PIC simulations were carried out using the code

OSIRIS43 in Cartesian coordinates. A moving window that
is employed along the x direction at the speed of light in
vacuum. The simulation box has a size of 50 µm (x) ´
70 µm (y) ´ 70 µm (z) with grid cells of 1500 ´ 350 ´
350, which corresponds to 30 grid cells per drive laser
wavelength in the x direction, sufficient to resolve the
physical process of photon deceleration. The number of
macroparticles per cell is 2, and the initial particle is
stationary. The absorbing boundary condition is used for
the electric field and the particle. For the verification of
simulation results, we performed additional simulations,
and the results show that the high-speed particle collision
is not particularly significant in our simulations because

the particle collision time is typically much greater
than the laser pulse length (see Supplementary Fig. S8).
Moreover, the transverse spatial resolution and the
macroparticles per cell can not severely affect the
FVFR and the mid-IR generation (see Supplementary
Figs. S9 and S10).

Stokes parameters
To describe the polarization state of electromagnetic

wave, the Stokes parameters I , Q, U , and V are intro-
duced11,60,67. Here, I ¼ Ey

�� ��2 þ Ezj j2 denotes the intensity
distribution of laser pulse. Q ¼ Ey

�� ��2 � Ezj j2 denotes the
linear polarization component along the y (Q> 0) or
z (Q< 0) direction. U ¼ 2RefE�yEzg denotes the linear
polarization at +45° (U > 0) or -45° (U < 0) from the y
direction. V ¼ 2ImfE�yEzg denotes the right-handed
(V > 0) or left-handed (V < 0) circular polarization. Here,
Ey and Ez are the complex amplitude of the electric field,
which can be obtained in PIC simulations, and E�y is the
complex conjugate of Ey.
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Since the plasma in the converter is uniform, we can
assume that the drive laser pulse is quasi-static and its
envelope varies slowly within the converter due to the fact
that the laser envelope characteristic time τe �
2γmaxjn0=nmaxjðω0=ωpÞ=ωp � 0:4 ps is much larger than
the laser duration τd

47, where the density perturbation
nmax and the relativistic factor γmax are obtained at the
peak position of the drive laser envelope in PIC simula-
tions. In QSA19,47,48, Eqs. (6) and (7) can be integrated to
n 1� βx
� � ¼ n0 and γ 1� βx

� �� ϕ ¼ 1, respectively.
Therefore, Eq. (5) can be rewritten as

∂2ϕ

∂ kpξ
� �2 ¼

γ

1þ ϕ
� 1

� �
ð8Þ

Considering γð1� βxÞ � ϕ ¼ 1 and γ ¼ ð1þ γ2β2xþ
γ2β2y þ γβ2zÞ1=2, γ in the QSA can be solved from

1� 2γ 1þ ϕð Þ þ 1þ ϕð Þ2 þ a2L
1� σ2Ω2
� �2 þ

a2Lσ
2Ω2

1� σ2Ω2
� �2 ¼ 0
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where βy and βz are the transverse normalized electron
velocity, which can be solved from the electron momen-
tum equation with an external magnetic field. γ and the
election density n ¼ γn0=ð1þ ϕÞ can be put into Eq. (4)
to obtain the FVFR angle.

Particle-in-cell simulations
The initial LP laser electric field with a polarization of y

direction can be expressed as follows

a ¼ aL exp � r2

w2
0

� �
sin2

πt
τd

� �
sin ω0tð Þ ð10Þ

Here, aL ¼ 3, λ0 ¼ 1 μm, w0 ¼ 15 μm, and τd ¼ 33 fs.
These correspond to the laser peak intensity of
I0 � 1:2 ´ 1019 W cm−2, peak power of 43 TW, and pulse
energy of about 710 mJ. The initial laser pulse is assumed
to arrive at the vacuum-plasma interface at x ¼ 0 μm.
The 3D PIC simulations were carried out using the code

OSIRIS43 in Cartesian coordinates. A moving window that
is employed along the x direction at the speed of light in
vacuum. The simulation box has a size of 50 µm (x) ´
70 µm (y) ´ 70 µm (z) with grid cells of 1500 ´ 350 ´
350, which corresponds to 30 grid cells per drive laser
wavelength in the x direction, sufficient to resolve the
physical process of photon deceleration. The number of
macroparticles per cell is 2, and the initial particle is
stationary. The absorbing boundary condition is used for
the electric field and the particle. For the verification of
simulation results, we performed additional simulations,
and the results show that the high-speed particle collision
is not particularly significant in our simulations because

the particle collision time is typically much greater
than the laser pulse length (see Supplementary Fig. S8).
Moreover, the transverse spatial resolution and the
macroparticles per cell can not severely affect the
FVFR and the mid-IR generation (see Supplementary
Figs. S9 and S10).

Stokes parameters
To describe the polarization state of electromagnetic

wave, the Stokes parameters I , Q, U , and V are intro-
duced11,60,67. Here, I ¼ Ey

�� ��2 þ Ezj j2 denotes the intensity
distribution of laser pulse. Q ¼ Ey

�� ��2 � Ezj j2 denotes the
linear polarization component along the y (Q> 0) or
z (Q< 0) direction. U ¼ 2RefE�yEzg denotes the linear
polarization at +45° (U > 0) or -45° (U < 0) from the y
direction. V ¼ 2ImfE�yEzg denotes the right-handed
(V > 0) or left-handed (V < 0) circular polarization. Here,
Ey and Ez are the complex amplitude of the electric field,
which can be obtained in PIC simulations, and E�y is the
complex conjugate of Ey.
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Electrically tunable strong coupling in a hybrid-2D
excitonic metasurface for optical modulation
Tom Hoekstra1 and Jorik van de Groep 1✉

Abstract
Atomically thin semiconductors exhibit tunable exciton resonances that can be harnessed for dynamic manipulation
of visible light in ultra-compact metadevices. However, the rapid nonradiative decay and dephasing of excitons at
room temperature limit current active excitonic metasurfaces to a few-percent efficiencies. Here, we leverage the
combined merits of pristine 2D heterostructures and non-local dielectric metasurfaces to enhance the excitonic light-
matter interaction, achieving strong and electrically tunable exciton-photon coupling at ambient conditions in a
hybrid-2D excitonic metasurface. Using this, we realize a free-space optical modulator and experimentally demonstrate
9.9 dB of reflectance modulation. The electro-optic response, characterized by a continuous transition from strong to
weak coupling, is mediated by gating-induced variations in the free carrier concentration, altering the exciton’s
nonradiative decay rate. These results highlight how hybrid-2D excitonic metasurfaces offer novel opportunities to
realize nanophotonic devices for active wavefront manipulation and optical communication.

Introduction
Van der Waals materials and their heterostructures

have emerged as a transformative materials platform in
photonics, as the layered 2D structure and lack of dan-
gling bonds offer atomic-level control over thickness in
arbitrary stacking configurations1,2. Combined with
properties such as high refractive indices, large aniso-
tropies, and broad tunability, the prospects of two-
dimensional (2D) materials in nanophotonics research
are tantalizing. In particular, monolayer 2D semi-
conductors stand out for their uniquely strong exciton
resonances, which dominate their room-temperature
optical properties due to the exceptionally large binding
energies arising from quantum- and dielectric confine-
ment in the atomically thin crystal3. Additionally, these
excitons are highly sensitive to external stimuli4–8, with
free-carrier injection emerging as an attractive tuning
mechanism with potential optoelectronic applications
including light detection and ranging9, free-space optical
communications10, and analog image processing11.
Efficient electrical tunability, as observed in monolayer

2D semiconductors, would be an enormous asset in the

field of metasurfaces. Already, these ultra-compact optical
coatings provide remarkable new ways to manipulate light
by harnessing the strong light-matter interactions offered
by resonant metallic or dielectric nanostructures12–16.
Yet, so far, dynamic metasurfaces have been few and far
between due to the weak tunability of plasmonic and
geometric resonances10. While a variety of active devices
have already been demonstrated17–21, they are typically
hindered by small modulation depths, excessive com-
plexity, or operation limited to the infrared spectral range.
As such, it seems natural to capitalize on the large tun-
ability of excitons in 2D materials. Indeed, tunable exci-
tonic metasurfaces have already been created by directly
carving zone plate lenses and metagratings out of
monolayers22,23. However, their efficiencies are restricted
to a few percent because of the atomic thickness as well as
severe damping of the exciton transition at ambient
conditions by nonradiative decay channels4 and dephas-
ing24. It is therefore essential to find ways of enhancing
the excitonic light-matter interaction strength.
To this end, 2D materials have been placed in the

vicinity of optically resonant nanostructures to leverage
their strong Purcell enhancements25–29. In particular, a
monolayer semiconductor was recently integrated in a
plasmonic metasurface to achieve 10% reflectance
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