
Breaking Anti-PT Symmetry by Spinning a Resonator
Huilai Zhang, Ran Huang, Sheng-Dian Zhang, Ying Li, Cheng-Wei Qiu, Franco Nori, and Hui Jing*

Cite This: Nano Lett. 2020, 20, 7594−7599 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Non-Hermitian systems, with symmetric or antisymmetric Hamil-
tonians under the parity-time (PT) operations, can have entirely real or imaginary
eigenvalues. This fact has led to surprising discoveries such as loss-induced lasing and
topological energy transfer. A merit of anti-PT systems is free of gain, but in recent
efforts on making anti-PT devices, nonlinearity is still required. Here, counter-
intuitively, we show how to achieve anti-PT symmetry and its spontaneous breaking
in a linear device by spinning a lossy resonator. Compared with a Hermitian spinning
device, significantly enhanced optical isolation and ultrasensitive nanoparticle sensing
are achievable in the anti-PT-broken phase. In a broader view, our work provides a
new tool to study anti-PT physics, with such a wide range of applications as anti-PT
lasers, anti-PT gyroscopes, and anti-PT topological photonics or optomechanics.
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■ INTRODUCTION

Parity-time (PT) symmetry provides a way to relax the
conventional Hermiticity condition to ensure real eigenvalues
of quantum systems.1,2 Particularly, by steering the system
parameters to surpass or encircle the spectral degeneracy
known as an exceptional point (EP),3 striking differences
emerge in the properties of PT devices. These differences,
confirmed in diverse systems with the gain−loss balance,4−19
have created opportunities to achieve exotic functionalities,
such as loss-induced lasing or antilasing,2,8,9 robust wireless
power transfer,16 and enhanced sensor responses18−21 or
light−matter interactions.22−24

A tremendous effort has also been witnessed in achieving
anti-PT symmetry which does not need any gain,25 thus
providing a practical way to study quantum non-Hermitian
effects.26−28 Anti-PT symmetry has been demonstrated by
using dissipatively coupled atomic beams,29 and then by using
cold atoms,30 electrical circuits,31 thermal materials,32 and
optical devices.33−35 These breakthroughs have initiated the
field of exploring unique anti-PT effects, e.g., energy-difference
conserving dynamics31 and chiral mode switching.33

Here, we show how to achieve and utilize optical anti-PT
symmetry breaking by spinning a linear resonator.36 We find
that anti-PT symmetry emerging in such a device results in
giant optical nonreciprocity and enhanced sensor performance.
Our work is essentially different from the very recent work on
anti-PT mode splitting in a nonlinear Brillouin device,37 since
(i) the momentum or phase matching condition, as required
for Brillouin devices, is not needed here; (ii) the power
condition, i.e., above a threshold to create the Brillouin
scattering, although not strong enough to induce other
nonlinearities, is also unnecessary here; in fact, for a spinning
resonator, the input can be ranging from single photons to a

high-power laser;36 (iii) the spinning speed is much easier to
be continuously tuned in situ than internal nonlinearity of
materials. In a broader view, our work is well compatible with
all the other well-established nonlinear or topological
techniques, providing a feasible new way to engineer non-
Hermitian devices, for applications in, for example, anti-PT
metrology38,39 and anti-PT topological photonics or nano-
mechanics.33,40

■ RESULTS AND DISCUSSIONS
Optical Anti-PT Symmetry. Anti-PT systems with two

coupled modes can be described at the simplest level as25,29

i
k
jjj

y
{
zzzHAPT

ω κ
κ ω

=
− * − * (1)

where ω is the complex frequency and κ is the complex
coupling strength between the two optical modes. It indicates
two conditions are required for realizing anti-PT symmetry: (i)
two excited modes with opposite frequency detunings and
same loss or gain; (ii) anti-Hermitian coupling between the
modes. In previous experiments, optical anti-PT symmetry has
been realized based on, for example, complex spatial
structures29,33 or nonlinear processes.30,37

As already demonstrated in the experiment,38 see Figure 1a,
we consider a linear optical resonator driven by two lasers with
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frequency ωd from the left and right, which can excite the
clockwise (CW) and counterclockwise (CCW) traveling
modes. When the resonator is spinning at an angular velocity
Ω,36 the rotation-induced Sagnac−Fizeau shift ωc → ωc ± Δsag
is given by41
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where ωc is the resonant frequency of a nonspinning resonator,
c (λ) is the speed (wavelength) of light, n and R are the
refractive index and radius of the resonator, respectively. The
dispersion term dn/dλ, characterizing the relativistic origin of
the Sagnac effect, is relatively small in typical materials
(∼1%).36 We fix the CCW rotation of the resonator; hence +
Δsag(−Δsag) corresponds to the CW (CCW) traveling mode,
see Figure 1b. The taper-scattering-induced dissipative back-
scattering leads to the dissipative coupling iκ between the
countercirculating modes,38 which is anti-Hermitian, i.e.,
−(iκ)* = iκ. Obviously, this Sagnac resonator naturally fulfills
the conditions of the realization of anti-PT symmetry.
In a frame rotating at driving frequency ωd, the effective

Hamiltonian of this system is
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where Δ± = Δc ± Δsag are the optical detunings in the spinning
case with the optical driving detuning Δc = ωc − ωd, and γc =
(γ0 + γex)/2 is the total optical loss including the intrinsic loss
of the resonator γ0 ≡ ωc/Q with the quality factor Q and the
loss due to the coupling of the resonator with the fiber taper
γex. For Δc = 0, anti-PT symmetry can be realized without any
gain or nonlinearity, which is different from that using
nonlinear Brillouin scattering to provide optical gain in a
resonator.37 Unlike PT symmetry, anti-PT symmetry is
independent of the spatially separated gain−loss balanced
structure.

The eigenfrequencies of this linear anti-PT-symmetric
system are

i c sag
2 2ω γ κ= − ± Δ −± (4)

indicating a phase transition as Ω varies. Figure 1c shows that,
for small Ω (Δsag < κ), the eigenmodes preserve anti-PT
symmetry with the same resonance frequency but different line
widths. The symmetry breaking occurs at EP (Δsag = κ) where
the eigenstates coalesce. For large Ω (Δsag > κ), the system
enters the symmetry-broken phase with bifurcating eigenm-
odes. For a specific dissipative coupling strength, e.g., κ = 8
kHz, the critical value of rotation speed is obtained as ΩEP =
333 Hz (see the white solid curves in Figure 1c).
Here, we take the experimentally accessible parameters:42−44

λ = 1550 nm, Q ≈ 1 × 1011, γex = γ0/2, n = 1.44, and R = 50
μm. As demonstrated in the experiment,38 the dissipative
coupling originating from taper scattering can be ∼8 kHz. In a
recent experiment,36 light in a tapered fiber is evanescently
coupled into or out of a linear resonator (mounted on a
spinning turbine). The spinning can drag air into the coupling
region, so that a boundary layer of air forms. Because of the air
pressure, the taper lies at a height above the resonator, which
can be several nanometers. If perturbation induces the taper to
rise higher than the equilibrium, it floats back to its original
position, a process called aerodynamical self-adjustment.36

This process thus leads to a stable coupling between the fiber
and the resonator, and the taper does not touch or stick to the
spinning device even if the taper is pushed toward it.36 This
device is robust against the extra loss induced by the internal
defects or other dissipative elements in practice. Also, as
demonstrated in an experiment,45 the Fizeau shift can be
increased even for a slow rotary speed, by using a dispersion
enhanced technique.45

Symmetry-Broken Nonreciprocity. When a probe light
of frequency ωp is incident from the left (right) side and using

Figure 1. Anti-PT symmetry in a linear spinning resonator. (a) The resonator is driven by two lasers with the same frequency ωd from the left and
right. Anti-PT symmetry is realized with the opposite frequency shifts induced by the mechanical rotation with angular speed Ω and the dissipative
coupling κ induced by the taper scattering. The output spectra in the anti-PT-symmetric (anti-PTS) and symmetry-broken (anti-PTB) phases can
be observed by tuning Ω for Ω < ΩEP and Ω > ΩEP, respectively, where ΩEP is the angular speed at EP. The nanoparticle is to be measured. (b) The
schematics of Sagnac effect and dissipative coupling show the physical mechanism of realizing anti-PT symmetry. (c) The real and imaginary parts
of eigenfrequencies versus κ and Ω reveal the spectral properties of anti-PT symmetry. The white solid curves correspond to the case of κ = 8 kHz.
For other parameter values, see the main text.
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the input-output relation (see the Supporting Information),
the transmission rate Tcw (Tccw) is

T
i

1
( )

( )( )cw,ccw
ex p sag

p sag p sag
2

2
γ δ

δ δ κ
= +

∓ Δ

+ Δ − Δ + (5)

where δp = Δp − iγc, Δp = ωc − ωp. Clearly, the term ∓Δsag is
the origin of nonreciprocal light transmission. In the anti-PT-
symmetric phase, Δsag < κ, the difference of the two
transmission rates is limited, while in the symmetry-broken
phase, this difference becomes larger for Δsag > κ, enabling
better one-way transmission. To confirm this picture, we study
the isolation of this anti-PT system, i.e., IAPT = |Tcw − Tccw|,
with normalized Tcw,ccw. Indeed, the symmetry-broken isolation
is much larger than that in the symmetric phase, see Figure 2a,
b.

For a comparison, the optical isolation by using a Hermitian
spinning (HS) resonator IHS36 and the selected maxima of the
isolation η ≡ max[I] are also plotted in Figure 2c, d,
respectively. The isolation of the HS system becomes larger by
increasing Ω because of the optical mode splitting induced by
the Sagnac shift but it is limited to 90% for the parameter
values used here, because of the fixed line width.36 In contrast,
for an anti-PT device, both the line widths and the
transmission can be altered, resulting in an enhanced isolation
as high as 99.7%. This anti-PT-broken nonreciprocity, due to
the interplay of synthetic angular momentum and dissipative
backscattering, is fundamentally different from PT-symmetric
nonreciprocity originating from nonlinearities.6,7 One-way
devices, free of exquisite control of gain or nonlinearity, have
such a wide range of applications as on-chip circulator,6,7

invisible sensing,46,47 and quantum optical computation.48

Anti-PT sensor. In the presence of the external
perturbation, the variation in the transmission spectrum also
gives a way to detect the perturbation itself. For an example,
taking into account a single nanoparticle falling into or flying
by the evanescent field of the resonator,49 see Figure 1a, we
have the modified Hamiltonian of the perturbated system49,50
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where Δ±′ = Δp ± Δsag, and J = g1 − iγ1 is the complex
perturbation induced by the nanoparticle with frequency shift
g1 and the line width broadening γ1. As shown in Figure 3a, the
eigenfrequency structure reveals how this system reacts on a
sufficiently small perturbation. The sensitivity can be defined as
the difference between the two eigenfrequencies:

iJ2 ( )1 sag
2 2ω κΔ = Δ − − (7)

Figure 3b, showing the logarithmic behavior of Re[Δω1],
highlights the sensitivity enhancement of the anti-PT sensor
compared to that using an HS device.36,49 For the same
perturbation, the HS sensor performs closely to the anti-PT
sensor when operating in the symmetry-broken phase. In the
anti-PT-symmetric phase, the splitting is smaller than that in
symmetry-broken phase. However, at EP, the slope of the
response is 1/2, which can be explained by using perturbation
theory. When J is much smaller than κ, the complex frequency
splitting is expected to approximately follow

i J2 21
1/2ω κΔ = (8)

For larger J, the slope is slightly larger than 1/2 because in this
case eq 7 cannot be simplified to eq 8 (see more details in the
Supporting Information). In experiments,20,50 the sensitivity
defined by frequency splitting can be assessed by monitoring
the separation of the spectral lines in transmission spectrum.
Sensitive responses to perturbations can also be revealed by

measuring the variation of transmission spectrum.49 Choosing,
for example, the CW mode, the transmittance variation can be
defined as T T/s 1

s
0
s≡ , where s denotes the anti-PT or HS

sensor and T1,0
s is the transmission with or without the

perturbation. Then we define the factor

/APT HSχ = (9)

to show the sensitivity enhancement of the anti-PT sensor. We
find that by breaking the anti-PT symmetry, χ > 1 can be
achieved. In particular, for Ω ≈ 386 Hz, i.e., when the isolation
reaches its maximum, 2 orders of magnitude enhanced
sensitivity is achievable (see Figure 3c). This provides a
conceptually new way to engineer an optical resonator to
realize ultrasensitive nanoparticle sensors, as crucial elements
in medical diagnosis and environmental monitoring.52−54 In a
broader view, by extending to a spinning nonlinear or
optomechanical resonator, anti-PT devices can also be used
to enhance the responses of, for example, gyroscopes or weak-
force sensors.
In experiments,51,53 nanoparticle sensing has been realized

by measuring mode splitting. The particle falling through the
mode volume of the resonator has a limited interaction time
with the field, and, regardless of whether this time is very short
or long, the resonator will feel and respond to it by exhibiting
mode splitting.55 A spinning resonator may induce the particle
to diffuse in the air, which may change the overlap of the

Figure 2. Nonreciprocal light transmission in the anti-PT-symmetric
system. (a) Isolation IAPT versus probe detuning Δp with different
rotation speed Ω in the anti-PT-symmetric phase and (b) symmetry-
broken phase. (c) Isolations of Hermitian spinning (HS) resonator
(left panel)36 and anti-PT system (right panel) versus Ω and Δp. The
gray dashed curves show the eigenfrequency evolutions of the two
systems with respect to Ω. (d) Selected maximum isolation η as a
function of Ω for anti-PT (red solid line) and HS (dark dashed line)
systems. The other parameters are the same as those in Figure 1.
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particle and the mode volume. The values of the frequency
shift g1 and the line width broadening γ1 are thus changed by
the particle position, but their ratio γ1/g1 remains unaffected
(see the Supporting Information for details). Also, the particle
position does not affect the Sagnac effect, and its detection in
current experimental whispering-gallery-mode sensors can be
very fast.51,53 In the future, we will study more complicated
cases such as the impact of time-varying coupling of the
resonator and the flying-by nanoparticles and improved
sensing efficiency by using, for example, the dispersion
enhanced technique.45

■ CONCLUSIONS AND OUTLOOK

We have revealed anti-PT symmetry in a spinning resonator,
without any optical nonlinearity or complex spatial structures.
The opposite Sagnac frequency shifts and the optical
dissipative coupling enable the system Hamiltonian to be
antisymmetric under the combined PT operations. In
particular, by breaking the anti-PT symmetry, enhanced optical
nonreciprocity and nanoparticle sensing can be achieved in this
linear device. Our work provides a highly feasible way to
achieve anti-PT symmetry breaking and can be further
extended to study nonlinear or higher order anti-PT effects
by spinning a nonlinear device.56

Our scheme will not, of course, render other existing
techniques obsolete. On the contrary, an anti-PT isolator can
provide one-way light flow, whereas nonlinearity or synthetic
dimensions can be integrated to induce or engineer nonlinear
or quantum effects in anti-PT devices.26,27 Our anti-PT
resonator is thus well compatible with other well-developed
techniques,33,37 indicating exciting possibilities in non-
Hermitian optics or nanomechanics.24,57
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