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polarization control is non-Hermiticity, which is respon-
sible for complex supermodes because elliptical polar-
ization is the supermode of linear polarizations with an
imaginary phase shift. For example, circular polarized
mode has been reported for a single cavity with non-
Hermitian coupling between two degenerate modes35.
Compared to a single cavity, photonic molecules (PMs)

host not only supermodes of coupled cavities but also the
high controllability arising from the freedom of separation
between the two cavities36–41. Chalcraft et al. have
investigated the PM in a 2D photonic crystal slab and
found that the polarization angle of the antisymmetric
(AS) mode strongly depends on the separation between
cavities42. However in the 2D slab, cavities are located at
the lattice points of the photonic crystal, and thereby, the
separation cannot be continuously tuned towards the
ultra subwavelength regime. The large separation results
in symmetric and Hermitian coupling, and the polariza-
tion of supermodes remains linear.
In this work, we reveal the full polarization control of

photons using PM consisting of two identical nanobeam
cavities. The PM is controlled by the gap between the two
nanobeams and the shift of cavity centers along the
nanobeam. The gap and shift are tuned continuously for
high controllability and unique features arising from the
large coupling strength43,44. As the gap decreases from the
wavelength scale to the ultra subwavelength scale, the PM
turns from far-field wave coupling to evanescent wave
coupling, which provides the basis for non-Hermiticity
and exceptional effects45–47. This non-Hermiticity is
demonstrated by the observation of supermodes beyond
the prediction of coupled mode theory in the Hermitian

regime, such as the non-trivial phase shift between the
symmetric (S) and AS modes. Furthermore, we observe
both the angle and degree of polarization of the AS mode
strongly depend on the gap and shift. The full polarization
control from linear to circular is consistent with the
evanescent wave coupling and is further strengthened by
the control case with far-field wave coupling in which no
polarization control is observed.

Results
We study the PM consisting of two GaAs nanobeam

cavities as schematically depicted in Fig. 1a. The nano-
beam has a thickness of 150 nm and a width of 340 nm.
The 1D photonic crystal nanoholes have the lattice con-
stant a and radius r, slowly chirped from the center to the
two ends (a: 260–200 nm, r: 68.8–40.3 nm) for a smooth
confinement of photons48. Such cavities typically exhibit a
high Q factor > 10,000 and linear y polarization for the
first fundamental cavity mode. In the experiment, we
fabricate the PM in a GaAs membrane embedded with
InGaAs QDs grown by molecular-beam epitaxy. The
ensemble QDs have a high density, exhibiting broad
emission with a wavelength range from 950 to 1100 nm,
as light sources to excite the supermodes. Details of the
design and fabrication method can be found in the Sup-
plementary materials.
The coupling between two nanobeam cavities is con-

trolled by the gap d and shift s, as depicted in Fig. 1a. We
resolve the eigenstates of PM using 3D finite element
method. Typical results with d= 70 nm and s= 0 nm are
presented in Fig. 1b. As shown, the supermodes include
the S and AS modes, identified by whether the electric
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Fig. 1 Supermodes of PM. a Schematic of a PM that consists of two nanobeam cavities. The coupling between two cavities is controlled by the gap
d and shift s. b Normalized profile of the electric field (Ex at left and Ey at right) for the S and AS modes with d= 70 nm, identified by the phase
difference 0 and π in the two cavities
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Polarization of photons plays a key role in quantum optics and light-matter interactions, however, it is difficult to
control in nanosystems since the eigenstate of a nanophotonic cavity is usually fixed and linearly polarized. Here, we
reveal the polarization control of photons using photonic molecules (PMs) that host supermodes of two coupled
nanobeam cavities. In contrast to conventional PMs in a 2D photonic crystal slab, for the two 1D photonic crystal
nanobeam cavities the shift and gap between them can be tuned continuously. With an ultra subwavelength gap, the
coupling between the two cavities is dominated by the evanescent wave coupling in the surrounding environment,
rather not the emission wave coupling for conventional PMs. As such, the non-Hermiticity of the system becomes
pronounced, and the supermodes consist of a non-trivial phase difference between bare eigenstates that supports
elliptical polarization. We observe that both the polarization degree and polarization angle of the antisymmetric mode
strongly depend on the shift and gap between the two cavities, exhibiting polarization states from linear to circular.
This full polarization control indicates the great potential of PMs in quantum optical devices and spin-resolved cavity
quantum electrodynamics.

Introduction
Nanobeam cavity is a one-dimensional (1D) dielectric

beam with photonic crystal nanostructures that confine
photons at resonant energy. The cavity mode has advan-
tages including a subwavelength mode volume, high
quality (Q) factor, and small device footprint1–3. The
design flexibility of the nanobeam allows for in situ inte-
gration and coupling to active emitters such as quantum
dots (QDs)4–6 and 2D materials7,8, resulting in excep-
tional performance and control over the light-matter
interactions. As such, the nanobeam cavity has been

widely applied to manipulate the local optical field for
nanophotonic devices such as low-threshold lasing9–12,
ultra-precise sensing13–15, optomechanical coupling16–18,
and quantum interfaces between different degrees of
freedom19–21.
Polarization of photons is an inherent property of the

cavity mode and plays a key role in photon generation,
photon detection, and light-matter interactions22,23. The
manipulation of resonant energy and mode profile of a
single nanocavity has been widely studied24–26, but how-
ever, the polarization of photons emitted from the cavity
mode is usually linear due to the breaking of rotational
symmetry27. Full polarization control in nanophotonic
devices has been attempted by using passive polarization
filters28–32 or by coupling them to nanostructures33,34. In
contrast, the fabrication of a cavity with fully polarized
eigenstates would be a direct and efficient way to control
the interaction with integrated active emitters. The key to
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polarization control is non-Hermiticity, which is respon-
sible for complex supermodes because elliptical polar-
ization is the supermode of linear polarizations with an
imaginary phase shift. For example, circular polarized
mode has been reported for a single cavity with non-
Hermitian coupling between two degenerate modes35.
Compared to a single cavity, photonic molecules (PMs)

host not only supermodes of coupled cavities but also the
high controllability arising from the freedom of separation
between the two cavities36–41. Chalcraft et al. have
investigated the PM in a 2D photonic crystal slab and
found that the polarization angle of the antisymmetric
(AS) mode strongly depends on the separation between
cavities42. However in the 2D slab, cavities are located at
the lattice points of the photonic crystal, and thereby, the
separation cannot be continuously tuned towards the
ultra subwavelength regime. The large separation results
in symmetric and Hermitian coupling, and the polariza-
tion of supermodes remains linear.
In this work, we reveal the full polarization control of

photons using PM consisting of two identical nanobeam
cavities. The PM is controlled by the gap between the two
nanobeams and the shift of cavity centers along the
nanobeam. The gap and shift are tuned continuously for
high controllability and unique features arising from the
large coupling strength43,44. As the gap decreases from the
wavelength scale to the ultra subwavelength scale, the PM
turns from far-field wave coupling to evanescent wave
coupling, which provides the basis for non-Hermiticity
and exceptional effects45–47. This non-Hermiticity is
demonstrated by the observation of supermodes beyond
the prediction of coupled mode theory in the Hermitian

regime, such as the non-trivial phase shift between the
symmetric (S) and AS modes. Furthermore, we observe
both the angle and degree of polarization of the AS mode
strongly depend on the gap and shift. The full polarization
control from linear to circular is consistent with the
evanescent wave coupling and is further strengthened by
the control case with far-field wave coupling in which no
polarization control is observed.

Results
We study the PM consisting of two GaAs nanobeam

cavities as schematically depicted in Fig. 1a. The nano-
beam has a thickness of 150 nm and a width of 340 nm.
The 1D photonic crystal nanoholes have the lattice con-
stant a and radius r, slowly chirped from the center to the
two ends (a: 260–200 nm, r: 68.8–40.3 nm) for a smooth
confinement of photons48. Such cavities typically exhibit a
high Q factor > 10,000 and linear y polarization for the
first fundamental cavity mode. In the experiment, we
fabricate the PM in a GaAs membrane embedded with
InGaAs QDs grown by molecular-beam epitaxy. The
ensemble QDs have a high density, exhibiting broad
emission with a wavelength range from 950 to 1100 nm,
as light sources to excite the supermodes. Details of the
design and fabrication method can be found in the Sup-
plementary materials.
The coupling between two nanobeam cavities is con-

trolled by the gap d and shift s, as depicted in Fig. 1a. We
resolve the eigenstates of PM using 3D finite element
method. Typical results with d= 70 nm and s= 0 nm are
presented in Fig. 1b. As shown, the supermodes include
the S and AS modes, identified by whether the electric
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Fig. 1 Supermodes of PM. a Schematic of a PM that consists of two nanobeam cavities. The coupling between two cavities is controlled by the gap
d and shift s. b Normalized profile of the electric field (Ex at left and Ey at right) for the S and AS modes with d= 70 nm, identified by the phase
difference 0 and π in the two cavities
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Introduction
Nanobeam cavity is a one-dimensional (1D) dielectric

beam with photonic crystal nanostructures that confine
photons at resonant energy. The cavity mode has advan-
tages including a subwavelength mode volume, high
quality (Q) factor, and small device footprint1–3. The
design flexibility of the nanobeam allows for in situ inte-
gration and coupling to active emitters such as quantum
dots (QDs)4–6 and 2D materials7,8, resulting in excep-
tional performance and control over the light-matter
interactions. As such, the nanobeam cavity has been

widely applied to manipulate the local optical field for
nanophotonic devices such as low-threshold lasing9–12,
ultra-precise sensing13–15, optomechanical coupling16–18,
and quantum interfaces between different degrees of
freedom19–21.
Polarization of photons is an inherent property of the

cavity mode and plays a key role in photon generation,
photon detection, and light-matter interactions22,23. The
manipulation of resonant energy and mode profile of a
single nanocavity has been widely studied24–26, but how-
ever, the polarization of photons emitted from the cavity
mode is usually linear due to the breaking of rotational
symmetry27. Full polarization control in nanophotonic
devices has been attempted by using passive polarization
filters28–32 or by coupling them to nanostructures33,34. In
contrast, the fabrication of a cavity with fully polarized
eigenstates would be a direct and efficient way to control
the interaction with integrated active emitters. The key to
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To further explore the asymmetry in PM, we investigate
the supermodes by controlling the shift s, as presented in
Fig. 2b. The first S and AS modes shift quasi-periodically
along with a decay envelope as s increases. The periodicity
is because the field profile of a single cavity includes
positive and negative regions with quasi periodicity; thus,
the overlap and anti-overlap switch as s increases53. The
decay envelope corresponds to the envelope of the field
profile in a single cavity that is confined at the cavity
center. Typically, the second supermodes should follow
the quasi-periodicity similar to the first order. But here,
the second S and AS modes have such a large splitting
that their energies cross the third AS mode, resulting in
additional coupling, as shown by the blue, pink, and
orange lines in Fig. 2b, which are also observed in the
experiment. We excite the QDs in PMs with a 532 nm cw
laser and collect the photoluminescence (PL) spectra as
presented in Fig. 2c, d, corresponding to the cases of
varying d and s, respectively. The broad baseline emission
is from the ensemble of QDs, and the sharp peaks arise
from the supermodes of PM. In Fig. 2d, the intensity of
high-order modes from 1050 to 1100 nm is relatively
small; thus, they are multiplied by five times for clarity.
The wavelength (energy) of supermodes extracted from
the experiment is presented by the data points in
Fig. 2a, b, exhibiting a good agreement with the theore-
tical calculations.
Moreover, we observe that in Fig. 2b, the antinodes of

the S and AS modes exhibit phase shifts as denoted by the
gray and green arrows. The antinodes of the first AS mode
(gray) are at s= 0, 240, and 452 nm, while the antinodes of
the first S mode (green) are at 0, 225, and 487 nm. The
second and third antinodes have phase shifts of 15 and
35 nm, respectively. For the Hermitian coupling, the S and
AS modes are linear superpositions of the two bare single
cavities with the phase of 0 and π; thus, the minimum
wavelength position (anti-overlap of the field) of one
mode should always correspond to the maximum wave-
length position (overlap of the field) of the other. In
contrast, the additional phase shift in Fig. 2b reveals the
non-Hermitian features, i.e., the eigenstates are complex
supermodes with imaginary components arising from the
evanescent wave coupling, rather not the trivial j1i± j2i in
the Hermitian regime54. We additionally present this
mismatch with the gap d= 50, 100, and 200 nm in Fig. 3.
The value of the phase shift for the antinodes at ~230 nm
is 8, 4, and 1 nm, respectively, clearly showing that the
phase shift is suppressed as the gap d increases. Such non-
trivial behavior agrees remarkably with the asymmetric
splitting observed in Fig. 2a, supporting that with the ultra
subwavelength d the coupling between two cavities is
dominated by the evanescent field.
The evanescent wave enables the control of polarization

by introducing a phase shift between the in-plane and

out-of-plane electric fields at the boundary of dielec-
trics45. The polarization of cavity mode is related to the
symmetry of the electric field27,55,56. In a single cavity, the
Ey of the first mode is symmetric in both the x and y axes,
and the Ex is antisymmetric in both the x and y axes. As
such, the overall projection of the electric field only has
the y-component while the x-component is zero, resulting
in the polarization of the photon being linear in the y
direction. The first S mode in Fig. 1b inherits this sym-
metry, thus it is also y polarized. In contrast, in Fig. 1b, for
the first antisymmetric mode Ey is symmetric in the x
direction while antisymmetric in the y direction, and Ex is
antisymmetric in the x direction while symmetric in the y
direction. In this case, the overall projection cannot be
estimated from the features of symmetry but depends on
the specific electric field distribution. Therefore, the
polarization of the AS mode is expected to be non-trivial
and vary with the coupling. Figure 4a, b show the degree
and angle of polarization for the AS mode, respectively, in
the case with s= 0 nm and variable d. The polarization
ellipse is defined as shown in the inset of Fig. 4a, including
the long axis a, the short axis b, and the angle of the long
axis relative to the x direction ϕ. The polarization degree
is defined by a� bj j= aþ bj j, where 1 refers to linear
polarization and 0 means circular polarization. The
polarization angle is defined by ϕ with values ranging
from 0° to 180°, in which 90° means y polarized. Data
points in Fig. 4a, b are extracted from the polarization-
resolved PL intensities in Fig. 4c, and solid lines are the
calculated results. The experimental data generally follow
the predictions of theoretical calculations and reveal a
threshold value of d= 40 nm in both the change of
polarization degree and polarization angle. For d > 40 nm,
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Fig. 3 Supermodes as a function of shift s when d= 50, 100, and
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the S and AS modes are observed for the three cases, respectively, as
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field profiles in the two cavities have the same phase or a
π-phase difference. Conventionally, the coupling in PM is
described by the coupled mode theory in the Hermitian
regime as _a1;2 ¼ �iω0a1;2 � γ0=2

� �
a1;2 � iga2;1, where

a1,2 is the field amplitude of the first and second cavity, ω0

(γ0) is the bare energy (linewidth) of a single cavity, and g
is the coupling strength between two cavities41,49. Hence,
the S and AS modes are linear superpositions as j1i± j2i
with the trivial 0 and π phase shift, in which j1i and j2i
are the bare eigenstates of each single cavity, and their
eigenenergies are ω0 ± g with a symmetric splitting.
However, the Hermitian coupling is only valid for a

small coupling strength g with a large gap, and as the gap

decreases non-trivial effects arise. In Fig. 2a we present
results with varying gap d from 0 to 200 nm and no shift
s= 0 nm. As shown, when d > 120 nm, a symmetric
splitting is observed for both the first and second modes.
The second mode exhibits a larger splitting because the
field distribution extends more into the surrounding
environment, which means a larger spatial overlap and a
larger coupling strength. In contrast, when d < 120 nm,
the S modes red shift rapidly, whilst the AS modes rarely
shift. Such asymmetric behavior can be explained by the
second order nonlinearity or self coupling50–52, which
demonstrates that the Hermitian coupling is not enough
to describe the PM with the small gap d.
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To further explore the asymmetry in PM, we investigate
the supermodes by controlling the shift s, as presented in
Fig. 2b. The first S and AS modes shift quasi-periodically
along with a decay envelope as s increases. The periodicity
is because the field profile of a single cavity includes
positive and negative regions with quasi periodicity; thus,
the overlap and anti-overlap switch as s increases53. The
decay envelope corresponds to the envelope of the field
profile in a single cavity that is confined at the cavity
center. Typically, the second supermodes should follow
the quasi-periodicity similar to the first order. But here,
the second S and AS modes have such a large splitting
that their energies cross the third AS mode, resulting in
additional coupling, as shown by the blue, pink, and
orange lines in Fig. 2b, which are also observed in the
experiment. We excite the QDs in PMs with a 532 nm cw
laser and collect the photoluminescence (PL) spectra as
presented in Fig. 2c, d, corresponding to the cases of
varying d and s, respectively. The broad baseline emission
is from the ensemble of QDs, and the sharp peaks arise
from the supermodes of PM. In Fig. 2d, the intensity of
high-order modes from 1050 to 1100 nm is relatively
small; thus, they are multiplied by five times for clarity.
The wavelength (energy) of supermodes extracted from
the experiment is presented by the data points in
Fig. 2a, b, exhibiting a good agreement with the theore-
tical calculations.
Moreover, we observe that in Fig. 2b, the antinodes of

the S and AS modes exhibit phase shifts as denoted by the
gray and green arrows. The antinodes of the first AS mode
(gray) are at s= 0, 240, and 452 nm, while the antinodes of
the first S mode (green) are at 0, 225, and 487 nm. The
second and third antinodes have phase shifts of 15 and
35 nm, respectively. For the Hermitian coupling, the S and
AS modes are linear superpositions of the two bare single
cavities with the phase of 0 and π; thus, the minimum
wavelength position (anti-overlap of the field) of one
mode should always correspond to the maximum wave-
length position (overlap of the field) of the other. In
contrast, the additional phase shift in Fig. 2b reveals the
non-Hermitian features, i.e., the eigenstates are complex
supermodes with imaginary components arising from the
evanescent wave coupling, rather not the trivial j1i± j2i in
the Hermitian regime54. We additionally present this
mismatch with the gap d= 50, 100, and 200 nm in Fig. 3.
The value of the phase shift for the antinodes at ~230 nm
is 8, 4, and 1 nm, respectively, clearly showing that the
phase shift is suppressed as the gap d increases. Such non-
trivial behavior agrees remarkably with the asymmetric
splitting observed in Fig. 2a, supporting that with the ultra
subwavelength d the coupling between two cavities is
dominated by the evanescent field.
The evanescent wave enables the control of polarization

by introducing a phase shift between the in-plane and

out-of-plane electric fields at the boundary of dielec-
trics45. The polarization of cavity mode is related to the
symmetry of the electric field27,55,56. In a single cavity, the
Ey of the first mode is symmetric in both the x and y axes,
and the Ex is antisymmetric in both the x and y axes. As
such, the overall projection of the electric field only has
the y-component while the x-component is zero, resulting
in the polarization of the photon being linear in the y
direction. The first S mode in Fig. 1b inherits this sym-
metry, thus it is also y polarized. In contrast, in Fig. 1b, for
the first antisymmetric mode Ey is symmetric in the x
direction while antisymmetric in the y direction, and Ex is
antisymmetric in the x direction while symmetric in the y
direction. In this case, the overall projection cannot be
estimated from the features of symmetry but depends on
the specific electric field distribution. Therefore, the
polarization of the AS mode is expected to be non-trivial
and vary with the coupling. Figure 4a, b show the degree
and angle of polarization for the AS mode, respectively, in
the case with s= 0 nm and variable d. The polarization
ellipse is defined as shown in the inset of Fig. 4a, including
the long axis a, the short axis b, and the angle of the long
axis relative to the x direction ϕ. The polarization degree
is defined by a� bj j= aþ bj j, where 1 refers to linear
polarization and 0 means circular polarization. The
polarization angle is defined by ϕ with values ranging
from 0° to 180°, in which 90° means y polarized. Data
points in Fig. 4a, b are extracted from the polarization-
resolved PL intensities in Fig. 4c, and solid lines are the
calculated results. The experimental data generally follow
the predictions of theoretical calculations and reveal a
threshold value of d= 40 nm in both the change of
polarization degree and polarization angle. For d > 40 nm,

140 160 180 200 220 240 260 280 300 320
1004
1006
1008
1010
1012
1014

λλ
(n

m
)

s (nm)

1005
1006
1007
1008

1005.5

1006.0

1006.5

1007.0
1st AS 1st S

d =
200 nm

d =
100 nm

d =
50 nm

λλ
(n

m
)

λλ
(n

m
)

Fig. 3 Supermodes as a function of shift s when d= 50, 100, and
200 nm. The additional phase differences of 8, 4, and 1 nm between
the S and AS modes are observed for the three cases, respectively, as
denoted by the arrows

Zhu et al. Light: Science & Applications ���������(2025)�14:114� Page 4 of 9

field profiles in the two cavities have the same phase or a
π-phase difference. Conventionally, the coupling in PM is
described by the coupled mode theory in the Hermitian
regime as _a1;2 ¼ �iω0a1;2 � γ0=2

� �
a1;2 � iga2;1, where

a1,2 is the field amplitude of the first and second cavity, ω0

(γ0) is the bare energy (linewidth) of a single cavity, and g
is the coupling strength between two cavities41,49. Hence,
the S and AS modes are linear superpositions as j1i± j2i
with the trivial 0 and π phase shift, in which j1i and j2i
are the bare eigenstates of each single cavity, and their
eigenenergies are ω0 ± g with a symmetric splitting.
However, the Hermitian coupling is only valid for a

small coupling strength g with a large gap, and as the gap

decreases non-trivial effects arise. In Fig. 2a we present
results with varying gap d from 0 to 200 nm and no shift
s= 0 nm. As shown, when d > 120 nm, a symmetric
splitting is observed for both the first and second modes.
The second mode exhibits a larger splitting because the
field distribution extends more into the surrounding
environment, which means a larger spatial overlap and a
larger coupling strength. In contrast, when d < 120 nm,
the S modes red shift rapidly, whilst the AS modes rarely
shift. Such asymmetric behavior can be explained by the
second order nonlinearity or self coupling50–52, which
demonstrates that the Hermitian coupling is not enough
to describe the PM with the small gap d.
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subwavelength gap, the fluctuation of d results in the
difference in experiment because the polarization is sen-
sitive to d as discussed next in Fig. 5.
We next explore the polarization by varying both the

gap and shift. For brevity, we use a qualitative model to
calculate the far-field polarization, as depicted in Fig. 5a.
A nanobeam with a y-polarized electric dipole is used to

approximate the cavity because the single cavity mode is
y-polarized. The inset in Fig. 5a shows the electric field Ey
of a single nanobeam embedded with a dipole. Since GaAs
have a high refractive index of 3.45, total internal reflec-
tion results in the domination of the evanescent field
within the range of 500 nm away from the nanobeam.
This essential physics for the coupling in PM is the same
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the AS mode exhibits nearly linear polarization along the
y direction, e.g., at d= 60 nm the polarization degree is
0.91, and the polarization angle is 93°. This linear polar-
ization along the y direction is the same as the mode of a
single cavity. When d < 40 nm, the polarization of the AS
mode becomes elliptical, and the major axis turns towards
the x direction. At d= 14 nm, we achieve the smallest
polarization degree of 0.29, which is close to circular
polarization, and the largest polarization angle shifts to

155°, which is nearly along the x direction. In Fig. 4d, e we
present the degree and angle of polarization for the AS
mode in the case with d= 20 nm with variable s, extracted
from the data in Fig. 4f. The experimental s dependence
generally follows the prediction in theory. The minor
difference between the experiment and theoretical cal-
culations mainly arises from the fluctuations in the gap d,
i.e., here, d is designed to be 20 nm in the calculation but
varies by ~5 nm in the experiment. At such an ultra
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subwavelength gap, the fluctuation of d results in the
difference in experiment because the polarization is sen-
sitive to d as discussed next in Fig. 5.
We next explore the polarization by varying both the

gap and shift. For brevity, we use a qualitative model to
calculate the far-field polarization, as depicted in Fig. 5a.
A nanobeam with a y-polarized electric dipole is used to

approximate the cavity because the single cavity mode is
y-polarized. The inset in Fig. 5a shows the electric field Ey
of a single nanobeam embedded with a dipole. Since GaAs
have a high refractive index of 3.45, total internal reflec-
tion results in the domination of the evanescent field
within the range of 500 nm away from the nanobeam.
This essential physics for the coupling in PM is the same
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the AS mode exhibits nearly linear polarization along the
y direction, e.g., at d= 60 nm the polarization degree is
0.91, and the polarization angle is 93°. This linear polar-
ization along the y direction is the same as the mode of a
single cavity. When d < 40 nm, the polarization of the AS
mode becomes elliptical, and the major axis turns towards
the x direction. At d= 14 nm, we achieve the smallest
polarization degree of 0.29, which is close to circular
polarization, and the largest polarization angle shifts to

155°, which is nearly along the x direction. In Fig. 4d, e we
present the degree and angle of polarization for the AS
mode in the case with d= 20 nm with variable s, extracted
from the data in Fig. 4f. The experimental s dependence
generally follows the prediction in theory. The minor
difference between the experiment and theoretical cal-
culations mainly arises from the fluctuations in the gap d,
i.e., here, d is designed to be 20 nm in the calculation but
varies by ~5 nm in the experiment. At such an ultra
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Fig. 4 Experimentally measured polarization of photons emitted from the first AS mode. The a degree and b angle of polarization extracted
from c polarization resolved peak intensities with the dependence on gap d. d–f Same measurement but with a different shift s. Solid lines are the
calculation results
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as the real nanobeam shown in Fig. 1a, supporting the
validity of our model. Other details of the calculation are
discussed in the supplementary materials. In Fig. 5b, we
present the degree and angle of polarization calculated
with quasi-continuous gap dqual and shift squal. A thresh-
old of dqual= 500 nm is observed. The polarization is
nearly y polarized (ϕ � 90°) for dqual > 500 nm, whilst it
strongly depends on dqual and squal for dqual < 500 nm.
This threshold value agrees remarkably with the boundary
of the evanescent field shown in Fig. 5a, and the threshold
behavior is fully consistent with the real nanobeam cavity
shown in Fig. 4. Moreover, for the evanescent wave cou-
pling with dqual < 500 nm, the full polarization control
from linear to circular (degree from 1 to 0) is achieved.
The threshold dqual of 500 nm, as shown in the theoretical
calculation in Fig. 5b, is large compared to the threshold d
of 40 nm in experiment. This is because the strength of
the evanescent field is different in the two cases, as the
model in Fig. 5a is an approximation and not entirely the
same as the nanobeam cavities shown in Fig. 1a.
In Fig. 5c we show the control case that the two dipoles are

in a homogeneous medium. The dipole emits in space
without reflections, and thus no evanescent field exists. In
Fig. 5d, we present the degree and angle of polarization in
this case. As shown, the polarization degree changes from 1
to 0.98, and the polarization angle changes from 91.5° to
89.9°. Such a small change in polarization is well explained by
the lack of evanescent wave coupling. The comparison
between the nanobeam case and the homogeneous case in
Fig. 5 further strengthens the polarization control in our PMs
through the evanescent field in the ultra-subwavelength gap.
The conventional passive filters for polarization control

can only filter the photons that have already been generated
by the emitter. This means the generation and polarization
control of photons are separated, and thereby, many pho-
tons are lost during the filtering. Since the passive filter does
not control the local optical field for the quantum emitter, it
is independent of the light-matter interaction of the quan-
tum emitter. In contrast, in our sample, the PM directly
controls the polarization of the cavity eigenstate mode, and
the emitters are embedded in the cavity. This means we
directly control the local optical field that couples to the
emitter, indicating high efficiency in polarization control and
the significant potential for applications in spin-resolved
cavity quantum electrodynamics. For example, the AS mode
has stable, resonant energy and controllable polarization
with varying gap. The coupling of the AS mode to the
embedded quantum emitter would pave the way for study-
ing the polarization-dependent light-matter interactions,
revealing the spin properties of the quantum emitter.

Discussion
In summary, we demonstrate the full polarization con-

trol of photons using PMs in both theory and experiment.

The elliptical polarization arises from the non-Hermitian
coupling through the evanescent field in the ultra-
subwavelength gap between two nanobeam cavities. The
threshold between evanescent wave coupling and far-field
wave coupling is clearly observed when changing the gap.
These results indicate the great potential of PM in
applications for spin-resolved cavity quantum electro-
dynamics because the PM directly controls the local
optical field that couples to the emitters embedded in the
cavity. The evanescent wave in our device also provides
the basis for controlling the momentum and other
degrees of freedom of photons57,58. In addition to the
recently developed methods to control the separation in
PMs using different degrees of freedom43,44, the non-
trivial features indicate the great potential of the PMs in
applications based on quantum optics and cavity quantum
electrodynamics.

Materials and methods
The sample with QDs in this work was grown by

molecular-beam epitaxy method. From top to bottom, the
sample consists of three layers, including a 150-nm-
thickness GaAs layer embedded with InGaAs QDs, a
1-µm-thickness AlGaAs sacrificial layer for the under-
etching of PM, and a GaAs substrate. Electron beam
lithography was used to pattern the PM structures with a
resist mask on the sample. Then inductively coupled
plasma was used to etch the unprotected GaAs regions
below the patterned resist. In the end, wet etching with
HF solutions was used to remove the AlGaAs sacrificial
layer below the PM structures. The PMs were mounted in
a cryostat and cooled down to 4.2 K by liquid helium flow.
InGaAs QDs were excited by a cw laser with a wavelength
of 532 nm, and the PL signals were collected by a spec-
trometer with InGaAs detectors. The polarization
dependence was resolved by filtering the PL signals
through a rotating half-wave plate and a polarizer. The
theoretical results were calculated with 3D finite element
method and finite-difference time-domain methods.
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as the real nanobeam shown in Fig. 1a, supporting the
validity of our model. Other details of the calculation are
discussed in the supplementary materials. In Fig. 5b, we
present the degree and angle of polarization calculated
with quasi-continuous gap dqual and shift squal. A thresh-
old of dqual= 500 nm is observed. The polarization is
nearly y polarized (ϕ � 90°) for dqual > 500 nm, whilst it
strongly depends on dqual and squal for dqual < 500 nm.
This threshold value agrees remarkably with the boundary
of the evanescent field shown in Fig. 5a, and the threshold
behavior is fully consistent with the real nanobeam cavity
shown in Fig. 4. Moreover, for the evanescent wave cou-
pling with dqual < 500 nm, the full polarization control
from linear to circular (degree from 1 to 0) is achieved.
The threshold dqual of 500 nm, as shown in the theoretical
calculation in Fig. 5b, is large compared to the threshold d
of 40 nm in experiment. This is because the strength of
the evanescent field is different in the two cases, as the
model in Fig. 5a is an approximation and not entirely the
same as the nanobeam cavities shown in Fig. 1a.
In Fig. 5c we show the control case that the two dipoles are

in a homogeneous medium. The dipole emits in space
without reflections, and thus no evanescent field exists. In
Fig. 5d, we present the degree and angle of polarization in
this case. As shown, the polarization degree changes from 1
to 0.98, and the polarization angle changes from 91.5° to
89.9°. Such a small change in polarization is well explained by
the lack of evanescent wave coupling. The comparison
between the nanobeam case and the homogeneous case in
Fig. 5 further strengthens the polarization control in our PMs
through the evanescent field in the ultra-subwavelength gap.
The conventional passive filters for polarization control

can only filter the photons that have already been generated
by the emitter. This means the generation and polarization
control of photons are separated, and thereby, many pho-
tons are lost during the filtering. Since the passive filter does
not control the local optical field for the quantum emitter, it
is independent of the light-matter interaction of the quan-
tum emitter. In contrast, in our sample, the PM directly
controls the polarization of the cavity eigenstate mode, and
the emitters are embedded in the cavity. This means we
directly control the local optical field that couples to the
emitter, indicating high efficiency in polarization control and
the significant potential for applications in spin-resolved
cavity quantum electrodynamics. For example, the AS mode
has stable, resonant energy and controllable polarization
with varying gap. The coupling of the AS mode to the
embedded quantum emitter would pave the way for study-
ing the polarization-dependent light-matter interactions,
revealing the spin properties of the quantum emitter.

Discussion
In summary, we demonstrate the full polarization con-

trol of photons using PMs in both theory and experiment.

The elliptical polarization arises from the non-Hermitian
coupling through the evanescent field in the ultra-
subwavelength gap between two nanobeam cavities. The
threshold between evanescent wave coupling and far-field
wave coupling is clearly observed when changing the gap.
These results indicate the great potential of PM in
applications for spin-resolved cavity quantum electro-
dynamics because the PM directly controls the local
optical field that couples to the emitters embedded in the
cavity. The evanescent wave in our device also provides
the basis for controlling the momentum and other
degrees of freedom of photons57,58. In addition to the
recently developed methods to control the separation in
PMs using different degrees of freedom43,44, the non-
trivial features indicate the great potential of the PMs in
applications based on quantum optics and cavity quantum
electrodynamics.

Materials and methods
The sample with QDs in this work was grown by

molecular-beam epitaxy method. From top to bottom, the
sample consists of three layers, including a 150-nm-
thickness GaAs layer embedded with InGaAs QDs, a
1-µm-thickness AlGaAs sacrificial layer for the under-
etching of PM, and a GaAs substrate. Electron beam
lithography was used to pattern the PM structures with a
resist mask on the sample. Then inductively coupled
plasma was used to etch the unprotected GaAs regions
below the patterned resist. In the end, wet etching with
HF solutions was used to remove the AlGaAs sacrificial
layer below the PM structures. The PMs were mounted in
a cryostat and cooled down to 4.2 K by liquid helium flow.
InGaAs QDs were excited by a cw laser with a wavelength
of 532 nm, and the PL signals were collected by a spec-
trometer with InGaAs detectors. The polarization
dependence was resolved by filtering the PL signals
through a rotating half-wave plate and a polarizer. The
theoretical results were calculated with 3D finite element
method and finite-difference time-domain methods.
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Dimensionality-enhanced mid-infrared light vortex
detection based on multilayer graphene
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Abstract
Recent conceptual demonstrations of direct photocurrent readout of light vortices have enabled the development of
light orbital angular momentum-sensitive focal plane arrays and on-chip integration of orbital angular momentum
detection. However, known orbital angular momentum-sensitive materials are limited to two topological Weyl
Semimetals belonging to the C2v point group, namely, WTe2 and TaIrTe4. Both are fragile under ambient conditions
and challenging for large-scale epitaxial growth. In this work, we demonstrate that multilayer graphene, which is
complementary metal–oxide–semiconductor compatible and epitaxially growable at the wafer scale, is applicable for
orbital angular momentum detection in the mid-infrared region. Using a multilayer graphene photodetector with a
designed U-shaped electrode geometry, we demonstrate that the topological charge of orbital angular momentum
can be detected directly through the orbital photogalvanic effect and that the orbital angular momentum recognition
capability of multilayer graphene is an order of magnitude greater than that of TaIrTe4. We found that the detection
capability of multilayer graphene is enabled by the enhanced orbital photogalvanic effect response due to the
reduced dimensionality and scattering rate. Our work opens a new technical route to improve orbital angular
momentum recognition capability and is immediately applicable for large-scale integration of ambient stable, mid-
infrared direct orbital angular momentum photodetection devices.

Introduction
Recent developments in the direct characterization of

the topological charge of light orbital angular momentum
(OAM) based on the type-II Weyl semimetals tungsten
ditelluride (WTe2) and tantalum iridium telluride
(TaIrTe4) have led to the development of direct electric
readouts of the OAM of target signals and subsequent on-
chip integration of focal plane array devices1,2. Direct
OAM detection has been realized in both the near-
infrared (~1 µm) and mid-infrared (~4 µm) wavelength
regions based on the orbital photogalvanic effect (OPGE)
driven by the helical phase gradient of light. The OAM

mode number can be distinguished by the current wind-
ing around the optical beam axis with a quantized mag-
nitude. Currently, the discovered materials with OPGE
responses are limited to type-II Weyl semimetals, and
currently, the only known material for OAM detection in
the mid-infrared region is TaIrTe4. The OPGE responses
of TaIrTe4 at the mid-infrared region are boosted by the
large Berry curvature in the vicinity of the Weyl nodes2,3.
However, neither WTe2 nor TaIrTe4 are stable under
ambient conditions4–7. In addition, TaIrTe4 is a ternary
alloy material containing the refractory elements Ta and
Ir, which makes large-area epitaxial growth difficult and
limits its further use as focal plane arrays and for on-chip
integration. In addition, the signal-to-noise ratio of the
OPGE response for TaIrTe4 is still moderately low2,
limiting its high-speed applications based on fast circular
polarization modulation techniques. Further expansion of
the OAM-sensitive material family and determination of
suitable stable candidate materials for ambient conditions
that can be grown epitaxially at the wafer scale and are
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