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Exceptional points (EPs), known as non-Hermitian degeneracies featuring missing eigenspace
dimensions, have led to a variety of intriguing wave phenomena in various physical platforms. Chiral
EPs collapsing in two orthogonal eigenstates can lead to unique effects and applications, such as loss-
induced transparency, EP-enhanced sensing, and chirality-reversal electronics, etc. However, in previous
experiments, chiral EPs were typically induced in fixed structures with inherent active gains or nearby
nanotips, which are unfavorable for on-chip integrations with low-power elements. Here, we demonstrate
the active control of EPs chirality in situwith exceptional-line metasurface. Selective chirality inversion can
be well achieved by only light-induced loss without altering the metasurface size. We also perform an
ultrafast chirality switch in the picosecond level within transient disturbance. In a broader view, our results
provide a platform for the investigation of metasurface-based non-Hermitian physics and active EP
modulation, which can stimulate exciting works along this line in near future.
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Introduction—Recent years have witnessed rapid
advances in non-Hermitian physics, featuring exceptional
points (EPs) or spectral degeneracies of both eigenvalues
and eigenvectors, which have offered chances to build
intriguing devices with abilities well beyond conventional
Hermitian ones [1–6]. In particular, in optics, EPs have
enabled such a wide range of abilities as perfect absorption
[7–9], topological phase engineering [10,11], robust entan-
glement [12,13], enhanced sensing [14–16], unidirectional
invisibility [17,18], and anomalous scattering [19], to name
only a few. In principle, EPs can be achieved by tailoring
the balance of gain and loss [18,20] or tuning the loss
imbalance in purely lossy systems [21,22]. However, in
practice, random defects or inevitable imperfections of
materials can lead to deviations or drifts of the system from
the exact positions of EPs, thus radically affecting the
performances of the EP devices. Hence, it is highly
desirable to make devices with on-site tunability of the

EP positions, even allowing flexible switch between dis-
tinct EPs in a single device.
Chiral EPs have garnered interest among numerous

EP-based studies owing to the connection to natural
handedness and its maximally asymmetric behaviors
[22–24]. Non-Hermitian metasurfaces, showing flexible
control of light unattainable in conventional systems,
such as angle-independent focusing [25] or diffraction-
order control [26], which can be utilized to enhance their
performances in a counterintuitive way [27], provide an
efficient platform to study chiral EPs. By tuning the
balance of optical loss and coupling strength, chiral EPs
can emerge and, thus, enable superchiral fields [24] or
spin decoupling modulations [10,28,29]. However, chiral
switching or selective chirality inversion, highly required
in chiral sensing applications [30], has relied on structural
changes [31–33] or an external nanotip perturbing a
microcavity [34,35], which suffers from complex oper-
ations and lack of flexibility.
Here, we propose and experimentally confirm a scheme

to realize an active switch of chiral eigenstates in a terahertz
metasurface device. Chiral EP in this case refers to the
maximally asymmetric transmission, i.e., either only left-
or right-circularly polarized polarization (LCP or RCP,
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respectively). In general, a chiral EP can be created by
optimizing two orthogonal coupled modes, which result in
fixed circularly polarized vectors as a collapsed eigenstate
of the second-order non-Hermitian Hamiltonian. To con-
struct a pair of EPs with opposite chirality in the metasur-
face, we propose a three-order Hamiltonian from time-
domain coupled mode theory (TCMT) and reduce it to a
second-order transmission matrix to realize the switch of
chiral EPs between two exceptional lines with opposite
symbols. Two circular cross-polarized transmission zeros
appear at the same frequency, where eigenstates collapse
into LCP and right RCP states, revealing the chirality
reversal at EPs. We show that the chirality switch can be
realized at the ultrafast level of a few picoseconds. No
additional gain or structural size changes are required in our
device. The missing chiral transmission dimension can be
accomplished by only changing the optical pump power.
Our work is a timely contribution to such a wide range of
fields as non-Hermitian physics, metasurface technology,
and terahertz devices, as well as chiral optics and loss
engineering.
Switchable chiral EP of Ge-hybrid metasurface—Our

metasurface system working at the terahertz regime con-
sists of a metal cut-wire and two split ring resonators
(SRRs) embedded with a-Ge islands. The a-Ge material
provides active and tunable dissipative losses for light-
driven transmission eigenstates evaluation. To induce chiral
EP in non-Hermitian metasurface and switchable chirality
inversion, we engineered an asymmetric SRRs with a
broken y-axis mirror, as shown in Fig. 1(a). The periodicity
is set at P ¼ Px ¼ Py ¼ 150 μm. This mirror-breaking
operation will result in two chiral exceptional lines hidden
in the metasurface system, which will be discussed as
below. To experimentally fabricate the metasurface, we
combined UV lithography with stripping processes, as
detailed in Supplemental Material (S4) [36]. The resulting
metasurface structures were imaged using 20×microscopy,
which revealed the precise fabrication of the metastructures
[see Fig. 1(b)]. A chiral EP is formed when the incident
light causes the two orthogonal eigenstates to collapse into
a circular polarization state. Figure 1(c) provides a sche-
matic illustration of the optical pump terahertz metasurface,
demonstrating light-driven transmission eigenstates switch-
ing. When the metasurface system is operated at low pump
power (40 mW), the transmission eigenstates collapse into
a left-handed circularly polarized state known as left-
handed chiral EP, jψEPi ¼ ð1;−iÞT. With high-power
pumping (270 mW), it can collapse to a right-handed
circularly polarized state, jψEPi ¼ ð1; iÞT, known as right-
handed chiral EP. It can be observed that two EPs appear in
the parameter space composed of frequency and a-Ge
conductivity, as shown in Fig. 1(d). The Riemann surfaces
of the two eigenvalue magnitudes (red and blue) have two
bifurcation points, corresponding to left-handed EP and
right-handed EP, respectively. The change in a-Ge

conductivity induces the metasystem to switch between
two EPs at the same frequency.
The conductivity of a-Ge may affect near-field electric

field intensity of SRRs, which further changes the mode
dissipation loss [37]. As pump power increases, so does Ge
conductivity, resulting in increased system loss. Chirality
factor Λ ¼ ðjtlrj2 − jtrlj2Þ=ðjtlrj2 þ jtrlj2Þ was defined to
characterize the chiral EP state, where trl (tlr) represents the
complex transmittance of RCP (LCP) with LCP (RCP)
incident. Λ ¼ 1 implies a perfectly left-handed circular
eigenstate, and Λ ¼ −1 implies a perfectly right-handed
circular eigenstate. Figure 1(e) demonstrates the chirality
factor as a function of pump power and illustrates how the
chiral EP switches from a left-handed to a right-handed

FIG. 1. Light-driven EP chiral inversion in non-Hermitian
Ge-hybrid metasurface. (a) Top view of the structural design
of the metal metasurface. The lengths are defined as
L ¼ 115 μm, a ¼ 39.5 μm, g1 ¼ 15 μm, w ¼ 5 μm, and
s ¼ 8 μm. To achieve EP chirality inversion, the size of the
right SRR is changed to break the y-axis mirror symmetry. The
parameters are b ¼ 32.5 μm and g2 ¼ 4 μm. (b) Non-Hermitian
metasurface with microscopic photo under 20× objective lens
placed in the optical pump terahertz probe system. It is evident
that a-Ge islands are embedded in the gap of SRRs. Scale bar,
50 μm. (c) Schematic illustration of the Ge-hybrid metasurface
for optical activity. Light excitation increases Ge conductivity,
leading to increased system dissipation losses. The system’s
eigenstate at EP is a left-handed circularly polarized state at a
pump power of 40 mW and a right-handed circularly polarized
state at 270 mW. (d) The magnitude of the eigenvalues plotted in
parameter space of frequency and conductivity. Two EPs appear
on the Riemannian surface. (e) Chirality factor varies with
increasing pump power. It also illustrates the evolution of
eigenstates.
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state as the pump power increases. At specific pump
powers, corresponding to the a-Ge conductivities in
Fig. 1(e), the eigenstates of metasystem collapse into left-
and right-handed circularly polarized states with Λ ¼ 1
(EP1) and Λ ¼ −1 (EP2), respectively, showing a loss-
induced EP chirality inversion. It should be emphasized
that, unlike the whispering-gallery-mode (WGM) cavity
and the waveguide, which focus on clockwise and counter-
clockwise in two directions [33,38,39], the metasurface
supports all polarization states on the Poincaré sphere, and
the chirality is manifested in the asymmetric transmission
of circular polarization conversion. In addition, different
from the WGM cavity, which can adjust the mode proper-
ties using nanotips [34,35], it is quite difficult to realize the
active chiral switching of EP in metasurface systems due to
the fixed structural parameters. Here, we have used creative
design to get around the challenge of active EP and have
successfully created an active EP chirality inversion in a
non-Hermitian metasurface system for the first time.
Exceptional lines in non-Hermitian metasurface—To

explain the active chirality inversion, we have conducted
a detailed theoretical analysis here. The investigation of
metasurface-based chiral EPs generally starts from the

second-order scattering Hamiltonian [10,22]. The relation-
ship between transmission spectra and metasurface
Hamiltonian is T ¼ I − jγxγyH−1. Hence, though the
eigenvalues and eigenstates are derived from the trans-
mission spectra, they are still connected to the system’s
Hamiltonian. We discussed this scenario in Supplemental
Material (S1) [36] and discovered that flipping coupling
symbols can readily result in EP chiral inversion. However,
this method requires structural changes and cannot achieve
active EP chiral switching.
An effective solution to address the challenges is to

introduce a higher-order non-Hermitian system [40,41]. We
further establish a model with three coupled resonant
modes, in which two modes can be actively tuned by
optical pump, as shown in Fig. S3, Supplemental Material
[36], to study the interaction between terahertz pulse and
metasurfaces. The metasurface structure corresponding to
the theory model consists of one cut-wire and two SRRs,
with SRRs located on both sides of the cut-wire to ensure
that the coupling symbols between them are opposite.
TheTCMTmethodwas used to explain theEPs character-

istics of third-order non-Hermitian Hamiltonian with

H ¼

0
BBB@
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where Δωi ¼ ωi − ω, Xi ¼ γi þ Γi ði ¼ x1; x2; yÞ, and
j ¼ ffiffiffiffiffiffi

−1
p

. γ is the radiation loss rate, and Γ is the dissipate
loss rate. The subscripts represent resonance modes. κ1;2
quantifies the coupling strength between the resonance
modes ax1;2 and ay, respectively. This situation will be
different from the second-order Hamiltonian system (for
details, see Supplemental Material, S1–S3 [36], which
includes Refs. [42–45]). First, consider a structure that is
symmetric along the y axis, as seen in Fig. 2(a). Note that
we investigate the chiral EP resulting from the coupling of
two orthogonal resonance modes along the x and y
directions, even though we utilize a third-order Hamilto-
nian; this is because resonances in different directions can
always be decomposed into these two directions. By
altering the dissipate loss rates of the two SRR modes,
interestingly, two exceptional lines corresponding to the
left-handed (red line) and right-handed (blue line) circu-
larly polarized eigenstates, respectively, can be observed in
the parameter space of ðΓ1;Γ2Þ, as shown in Fig. 2(b),
while, in practice, the dissipate loss rates of two SRRs will
be increased simultaneously with light excitation. Without
loss of generality, here we assume that the losses of both
SRRs increase linearly under light excitation, marked by

black dashed lines. When the radiation loss rates and
coupling coefficient with cut-wire of the two SRRs meet
the following conditions: γ1 ¼ γ2 and jκ1j ¼ jκ2j, the
eigenstates of the transmission matrix always retain
orthogonal linear polarization as the pump power increases
as shown in Fig. 2(c). The system in this case is situated on
a complex Dirac point [46] as the metasurface structure is
entirely symmetrical along the y axis.
To achieve the switching of EP chirality under optical

pump at the metasurface, the symmetry of the unit cell
needs to be broken down. The specific operation shown in
Fig. 2(d) is to meet the condition of γ1 < γ2 and jκ1j < jκ2j.
In practice, we need to adjust the size of one of the SRRs to
reduce the radiation loss and coupling coefficient while
maintaining the resonance frequency unchanged. As shown
in Fig. 2(e), the two exceptional lines intersect successively
with the black dashed line, which means the EP chiral
switches can be achieved through optical pumping, where
the transmission eigenstate of the metasurface system first
passes through the left-handed chiral EP and then reaches
the right-handed one as pump power increases. We further
drew the evolution of the transmission eigenstates along the
black dashed line on the Poincaré sphere as shown in
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Fig. 2(f). As evolution begins, the two eigenstates first
collapse to the left-handed circularly polarized state (the
Poincaré sphere’s South Pole), and then they traverse the
entire Poincaré sphere to arrive at the right-handed circu-
larly polarized state (the Poincaré sphere’s North Pole). The
colors and arrows along the way indicate the direction of
evolution.
Likewise, when mirroring the structure along the y axis,

the exceptional lines exchange the eigenstates and are
symmetrical along the black dashed line, as shown in
Figs. 2(g)–2(i). The eigenstates undergo a phase transition
from left-handed circular polarization to right-handed
circular polarization as the pump power increases. By
increasing or decreasing the pump, active EP chiral switch-
ing can be achieved in the metasurface [indicated by the
black arrow in Figs. 2(e) and 2(h)].
Evolution of light-controlled eigenstates—To verify our

theoretical design of the EP chiral inversion, we fabricated

the non-Hermitian Ge-hybrid metal metasurface consisting
of a cut-wire and two SRRs with a-Ge islands embedded.
Details of the manufacturing process as well as microscopic
images and geometric parameters can be found in Figs. 1(a)
and 1(b) and Supplemental Material (S4) [36]. To begin
with, we utilize numerical simulation to calculate the
transmission matrix and eigenstates as a function of
a-Ge conductivity, as shown in Figs. 3(a)–3(c). The
conductivity of the a-Ge material we employed, in contrast
to steady-state simulation, is based on experimental data
from femtosecond laser pump excitation tests. This material
has an ultrafast relaxation time of picosecond level [47],
which is comparable to the duration of terahertz pulses. For
the purpose of modeling and researching the terahertz
modulation effect under various a-Ge conductivity levels,
transient simulation must take care to align terahertz pulses
with the relaxation of excited a-Ge carriers in time.
It is evident that jtrlj ¼ 0 at the parameter of

(σGe ¼ 710 S=m and f ¼ 0.75 THz) and jtlrj ¼ 0 at the
parameter of (σGe ¼ 6700 S=m and f ¼ 0.75 THz) in the
terahertz transmission spectra, corresponding to various
dissipative losses. The transmission matrix’s eigenstates
evolve with increasing a-Ge conductivity at a frequency of
0.75 THz, initially passing through the Poincaré sphere’s
South Pole and subsequently the North Pole. At various a-
Ge conductivities, it exhibits EP chiral inverse, identical to
the chiral transmission spectra trend. In order to further
confirm this phenomenon, we conducted an experimental
demonstration. A method of optical pump terahertz probe is
utilized to test the terahertz time-domain transmission
spectra of the metasurface under femtosecond pulse exci-
tation (see Supplemental Material, S5 [36]). The data in
frequency domain are obtained through fast Fourier

FIG. 3. Light-driven eigenstates evolution for active EP reverse.
(a),(b) Numerically simulated chiral transmittance at the position
of (710 S=m, 0.75 THz) and (6700 S=m, 0.75 THz). (c) The
evolution of eigenstates with a-Ge conductivity at a frequency of
0.75 THz. (d),(e) Experimentally extracted chiral transmittance at
the positions of (40 mW, 0.761 THz) and (270 mW, 0.764 THz).
(f) The evolution of eigenstates with pump power at a frequency
of 0.76 THz. Evolution direction of eigenstates with color marker.
S, start; E, end.

FIG. 2. The actively chiral inversion at EPs in non-Hermitian
metasurface consisting of three coupled resonant modes. (a)–(c) In
the condition of γ1 ¼ γ2 and jκ1j ¼ jκ2j, exceptional lines (left-
handed circular eigenstate marked by red and right-handed circular
eigenstate marked by blue) occur in the parameter space of Γ1 and
Γ2. The black dashed line denotes that the dissipate losses of
two tunable modes increase simultaneously with pump excitation.
And the eigenstates always maintain orthogonal linear polariza-
tion. (d)–(f) The exceptional lines and the evolution of eigenstates
in the condition of γ1 < γ2 and jκ1j < jκ2j. The eigenstates of non-
Hermitian metasurface first degenerate into a left-handed chiral
state and then switch to a right-handed chiral state. (g)–(i) In the
condition of γ1 > γ2 and jκ1j > jκ2j, the evolution process is
opposite to the former. The colors and arrows along the way
indicate the direction of evolution. S, start; E, end.
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transform of time-domain signals. Experimentally
extracted chiral transmission spectra are shown in
Figs. 3(d) and 3(e). We tested the chiral transmission
spectra with various pump powers and found that two
different chirality EPs occur at the condition of (40 mW,
0.761 THz) and (270 mW, 0.764 THz), that is, jtrlj ¼ 0 for
left circular eigenstates and jtlrj ¼ 0 for right circular
eigenstates.
The EPs were further confirmed by the intersecting

double Riemann surface corresponding to the transmission
matrix eigenvalues (see Supplemental Material, S6 [36]). It
is worth mentioning that, during measuring terahertz time-
domain signals, round trips of terahertz pulses occur since
the detecting crystal is 1-mm-thick h110i ZnTe (see
Supplemental Material, S5 [36]). We so often perform
zero-padding analysis after intercepting effective data
lengths. As a result, the system’s actual true frequency
resolution is only around 50 GHz. Therefore, we can be
cognizant that two experimental EPs operated at the same
frequency, which can be set to 0.76 THz. The experimen-
tally tested eigenstate evolution with various pump powers
at 0.76 THz is marked on the Poincaré sphere shown in
Fig. 3(f), which is quite close to the simulation findings.
In this manner, we have successfully achieved chiral

switching of exceptional points on terahertz metasurface in
experiment, operating at a frequency of 0.76 THz. Different
from previous studies on flipping spatial structures [31,48]
and encircling exceptional points [49,50], our work can
reverse the chirality of EP by only increasing or decreasing
the pump power. Also, we demonstrate an ultrafast EP
chiral inversion under the light pulse excitation within a few
picoseconds, providing an indispensable tool for a wide
range of applications in chiral optics and ultrafast commu-
nications. Figures 4(a) and 4(b) describe experimentally
temporal evolution of jTrlj and jTlrj, respectively. The
spectra extracted at times t1 and t2 are shown in Figs. 4(c)

and 4(d), respectively, displaying opposite chiral eigen-
states within a switching time of 2.7 ps. The spectra
extracted at times t3 and t4 are shown in Supplemental
Material [36]. The illustrations show that the excitation and
relaxation of photogenerated carriers in Ge material are
responsible for ultrafast switching [47]. The ultrafast
modulation process of chiral transmittances and asymmetry
factor at 0.76 THz are shown in Figs. 4(e) and 4(f). The
type of EP is identified by observing zero crossing chiral
transmission as well as the sign of the chiral factor Λ. The
simulated data can be found in Supplemental Material [36],
which closely matches the experimental results.
Discussion—In conclusion, we have demonstrated a

novel approach to achieve active chiral EP inversion in
one metasurface, which has not been done in previous
metasurface systems. Using TCMT in a three-mode two-
port system, we theoretically found two exceptional lines
with opposite chirality in the loss parameter space. Through
the manipulation of dissipative losses, the chirality of EP
can switch between two exceptional lines, that is, active
chiral EP inversion. The corresponding metasurface unit
proposed in this work consists of a cut-wire and two SRRs
embedded a-Ge islands at the gaps and works at the
terahertz frequency. We can control terahertz-matter inter-
actions by altering the resonance mode dissipative loss
resulting from light-induced changes in a-Ge conductivity
via optically pumped terahertz probe. Here, we investigate
the non-Hermitian degeneracy condition supported by a
linearly polarized transmission matrix, where two equal
eigenvalues appear in the parameter space of frequency and
pump power and display the eigenstates of left-handed and
right-handed circularly polarized state, respectively. The
transient chirality switching process can take only a few
picoseconds. Overall, this work shows the potential of
controlled bits by providing a metasurface-based EP
chirality switching that operates at the same frequency
and opens the way for polarization control, holographic
multiplexing, and encrypted communication. Our findings
may facilitate the study of nonreciprocal phase transitions
[51], EP-enhanced phase sensing [52], and EP-based chiral
field [53]. Additionally, we can further introduce color-
coded metasurfaces to achieve independent control of both
SRR modes [54] and will experimentally observe the
existence of exceptional lines in the loss parameter space.
We believe that the idea of constructing three coupled
modes to achieve second-order chiral EP switching can be
expanded to include more modes and higher-order non-
Hermitian systems. This work demonstrated a versatile and
controllable platform for studying the interplay of four
important fields of non-Hermitian physics, metasurface,
and chiroptics as well as terahertz technology.
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