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Parity-time symmetry and variable optical
isolation in active-passive-coupled

microresonators
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Compound-photonic structures with gain and loss' provide a
powerful platform for testing various theoretical proposals on
non-Hermitian parity-time-symmetric quantum mechanics®5
and initiate new possibilities for shaping optical beams and
pulses beyond conservative structures. Such structures can
be designed as optical analogues of complex parity-time-
symmetric potentials with real spectra. However, the beam
dynamics can exhibit unique features distinct from conserva-
tive systems due to non-trivial wave interference and
phase-transition effects. Here, we experimentally realize parity-
time-symmetric optics on a chip at the 1,550 hm wavelength
in two directly coupled high-Q silica-microtoroid resonators
with balanced effective gain and loss. With this composite
system, we further implement switchable optical isolation
with a non-reciprocal isolation ratio from —8 dB to +8 dB, by
breaking time-reversal symmetry with gain-saturated nonli-
nearity in a large parameter-tunable space. Of importance,
our scheme opens a door towards synthesizing novel micro-
scale photonic structures for potential applications in optical
isolators, on-chip light control and optical communications.

One of the most fundamental postulates in canonical quantum
mechanics, formulated by Dirac and von Neumann, mandates
that the Hermiticity of each operator be directly associated with a
physical observable. As such, the spectrum of a self-adjoint operator
is ensured to be real and the total probability (or unitary evolution)
is conserved. In 1998, however, Bender and colleagues? discovered a
wide class of complex non-Hermitian Hamiltonians that can
possess entirely real spectra below a certain phase-transition
point, provided they satisfy combined parity-time (PT) symmetry.
This counterintuitive discovery immediately aroused extensive
theoretical interest in extending canonical quantum theory by
including non-Hermitian but PT-symmetric operators®>. For
instance, a PT-symmetric Hamiltonian operator may contain a
complex potential V(x) subject to a spatial-symmetry constraint
V(x) = V*(—x). One of the most striking properties of a PT-sym-
metric operator stems from the appearance of a sharp, symmetry-
breaking transition once a non-Hermitian operator crosses a
certain critical threshold*>. On crossing that ‘exceptional point’,
the spectrum ceases to be real and starts to become complex. This
transition signifies the appearance of a spontaneous PT symmetry
breaking from the exact- to the broken-PT phase.

Despite much fundamental theoretical success in the develop-
ment of PT-symmetric quantum mechanics, an experimental obser-
vation of pseudo-Hermiticity remains elusive and very challenging

in real physical settings. Thanks to the formal equivalence
between the quantum-mechanical Schrédinger equation and the
paraxial optical diffraction equation, complex PT-symmetric poten-
tials can be easily achieved in optics by spatially modulating the
refractive index with properly placed gain and loss in a balanced
manner'. This analogy immediately spurred theoretical and exper-
imental efforts in relation to PT symmetry using optics and other
suitable physical systems. These include experimental set-ups with
one optical component with absorption and another that is either
optically pumped (active PT symmetry)®” or lossless (passive PT
symmetry)®. The PT phase transition has been studied in optical
systems both theoretically”!? and experimentally®®, and has been
observed in non-Hermitian systems either with active PT symmetry
composed of one amplifying and one attenuating LRC circuit!! or in
a dissipative microwave billiard'%. Other suitable systems involving
superconductors'®, atomic gases'*'> and plasmonics'® have also
been proposed theoretically. Further theoretical studies of PT sym-
metry-based effects reveal many interesting optical phenomena,
including unconventional beam refraction’, conical diffraction'?,
unidirectional invisibility induced by PT-symmetric periodic struc-
tures'®2! and coherent perfect laser absorbtion???* (the latter two
have been verified experimentally”*2°).

Achieving rapid progress in integrated photonic circuits
demands all-optical elements for high-speed processing of light
signals. The optical isolator?® is one such indispensable element.
Similar to electronic diodes, it allows the flow of light to be uni-
directional and reduces problems caused by unwanted reflections
or interference effects. The successful design of an optical isolator
relies on the breaking of time-reversal symmetry, as typically rea-
lized in magneto-optical media?’ through the inclusion of anti-
symmetric off-diagonal dielectric tensor elements. Recently, uni-
directional light reflection has been realized in PT-symmetric
systems near the exceptional point, with reflection from one end
being diminished, but amplified at the other end!"!®-21:24,
Inspired by these studies, we show another way to obtain tunable
optical isolation in two coupled whispering-gallery-mode
(WGM) microtoroids with gain and loss functionalities in a
large parameter space. In contrast to previous results?’-*, our
system allows variable non-reciprocal transmissions®!, even at
very low light levels, by adjusting the coupling strengths or input
laser power. Before illustrating the asymmetric light transport, we
begin with PT symmetry in active—passive-coupled microcavities
with balanced gain and loss. Remarkably, our scheme explicitly
demonstrates itself to be an on-chip ultrasensitive optical isolator
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Figure 1 | On-chip WGM silica microtoroid resonators with gain and loss for PT symmetry and optical isolation. a, Schematic three-dimensional view of the
system, which is composed of two directly coupled microtoroids coupled to two tapered fibres (1 and 2). Based on the probe input directions, forward and
backward propagation configurations are denoted by orange and green arrows, respectively. b, Top-view optical microscope image of the system in a, where g
represents the effective gain in active toroid 1, y the total loss rate of passive toroid 2, u the coupling strength between the two toroids, and «, (k) the
coupling strength between toroid 1 (2) and fibre 1 (2), respectively. ¢, Side-view scanning electron microscopy (SEM) image of the fabricated microtoroid
cavity located at the edge of the silicon chip. d, Schematic of the experimental set-up. VOA, variable optical attenuator; FPC, fibre polarization controller; PM,
power meter; CWDM, coarse wavelength division multiplexer; OSA, optical spectrum analyser.

(or circulator) with an isolation ratio of +8 dB at an input probe
power of 11.4nW. Its compatibility with conventional metal-
oxide-semiconductor processing further makes this structure
potentially useful for on-chip optical communications, compu-
tation and photonic switching.

Our system consists of two directly coupled active—passive silica
microtoroids®?, fabricated at the edges of silicon chips®**** (Fig. 1).
The active microtoroid (labelled ‘toroid 1°) was fabricated from
erbium-doped silica sol-gel film3%, optically pumped by a
1,480 nm narrow-linewidth tunable laser to produce an efzfective
gain (g =g'/2— vy, — Ky, where ¢’ = go/(1 + |a1/asat’ ); see
Supplementary Section I) in the 1,550 nm band (Fig. 2a,b). The
passive toroid (labelled ‘toroid 2°) is a high-quality microresonator
with decay rate . The two toroids are coupled to tapered optical
fibres 1 and 2 (Fig. 1a,b), respectively. In the experiment, the two cav-
ities are prepared to support similar initial resonance frequencies and
the same polarization at 1,553 nm to coincide with the emission of
erbium ions. The pump field only circulates in toroid 1 due to the
mode mismatch between the two resonators at the pump wavelength.
To accurately tune the coupling strengths of the toroid-toroid and
tapered fibre-toroid, the microcavities and fibre tapers were all
mounted on nanopositioning translation stages for precision controls
of their separation distances. Also, each microtoroid was placed on an
actively controlled thermoelectric cooler (TEC) element to stabilize
(with a stability of <10 mK) and change the resonance frequency
of the resonator. The intrinsic Q-factors of toroids 1 and 2 were
measured to be 575x 10> and 533 x 10° respectively, at
1,553.0 nm, and the intrinsic Q-factor of toroid 1 at 1,478.7 nm
was 2.24 x 10°.
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The PT-symmetric property was investigated under the balanced
gain and loss (g= ) condition. After carefully balancing the gain
and loss in the microtoroids (see Methods), the pump power was
fixed and the transmitted probe spectra were studied as a function
of the coupling strength u between the two microtoroids by chan-
ging the position of toroid 2 (Fig. 2¢,d) while keeping the frequency
detuning between the two microcavities fixed (~0). To start, we first
blocked the pump laser to reduce the system to passively coupled
microtoroids® (in which we can observe two supermodes®* deter-
mined by w and the decay rates of the two resonators). Then,
with the pump laser on, frequency bifurcation induced by PT sym-
metry exhibits distinct features in spectral location change and line-
width narrowing. In particular, a PT phase transition occurs at the
critical point where u= y=g. Theoretically (see Supplementary
Section I), for u > vy the system is in the unbroken phase and two
real spectral branches w, with zero linewidth are displaced at

+/u? — ¥ away from the central cavity-resonant frequency.
When u <, the PT symmetry is spontaneously broken because
w, now take complex values. The experimental results (Fig. 2¢,d)
confirm the theory, and also demonstrate the vivid evolution of
PT supermodes from the unbroken to broken phase as the separ-
ation distance between the two toroids is increased continuously.
Significant signal amplification in the output (Fig. 2¢) due to the
spectral singularity of the complex optical potential also verifies
the theoretical prediction by Mostafazadeh®”. The doublet feature
of each PT supermode in the transmission spectra (Fig. 2¢) is a
result of the mode splitting caused by the mode coupling between
the clockwise and anticlockwise modes®®*. By taking into
account this scattering-induced mode splitting in the theory, the
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Figure 2 | Transmission spectra in PT symmetry. a, Transmission spectra of active toroid 1, obtained by altering the dropped pump power for a fixed probe
power of 31.3 nW. b, Plot of gain ¢’ in a as a function of dropped pump power. The data clearly exhibit the effect of gain saturation nonlinearity. ¢, Evolution
of PT-symmetric transmission spectra measured at port 2 in the broken and unbroken phases, obtained by varying the coupling strength (or separation
distance) of the two toroids. The input probe and dropped pump powers are fixed at 11.4 nW and 146.7 wW, respectively. d, Spectral splitting between the
two PT supermodes in ¢ as a function of the separation distance between the two toroids.

experimental results can be well fitted with numerical simulations
(Supplementary Fig. 2).

It is well known that a linear static dielectric system, even in the
presence of gain and loss, cannot have a non-reciprocal response®.
Previous studies have found that, with the addition of a Kerr-type
nonlinearity’, the system may display very strong non-reciprocity.
To break the reciprocal transmission in the linear PT-symmetric
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regime we carried out a set of experiments on optical isolation
(see Methods) by exploring the gain saturation-induced nonlinear-
ity (existing in toroid 1) to smash the time-reversal symmetry. It
turns out that the probe gain is very easily saturated when increasing
the input probe and/or pump powers. In contrast to previous
studies! 1921242731 gur system further exhibits a switchable iso-
lation direction on elevating the incident probe power from a few
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Figure 3 | Supersensitive optical isolation performance of the system. a,b, Representative optical isolation at a very low probe power (1.4 nW) but
with different dropped pump powers (149.2 pW and 192.9 pW). Non-reciprocal transmittance spectra are clearly demonstrated under both strong and
weak coupling between the two microtoroids. In a and b the isolation ratios at strong and weak coupling regimes are (+7.8 dB, +5.8 dB) and

(45.4 dB, +7.5 dB), respectively.

nanowatts to ~30 wW. Experimentally, we achieved an isolation
ratio, given by

maximal transmission in forward )

10 x logm(

maximal transmission in backward

ranging from +8dB to —8dB. By engineering the coupling
strengths (u, k;, k,) and input pump power, the isolation ratio
can also be altered in a controllable manner. For example,
Fig. 3a,b presents snapshots of asymmetric transmission spectra
obtained under the same input probe power (11.4 nW) but with
different coupling strengths u and dropped pump powers.
Specifically, Fig. 3a shows non-reciprocal forward-backward trans-
port with a dropped pump power of 149.2 wW and comparable gain
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and loss (g~ ). Under the strong coupling condition (u > g, y),
the mode-splitting feature can be clearly observed in both probe
propagation configurations. In the weak coupling regime (u<g,
7v), the splitting coalesces into a single mode. Similarly, these
phenomena can be attained with a higher dropped pump power
(192.9 wW; Fig. 3b). In Fig. 3a,b, the isolation ratios for strong
and weak coupling cases are, respectively, (7.8 dB, 5.8 dB) and
(4+5.4dB, +7.5dB). The presence of optical non-reciprocity at
such a low probe power demonstrates the supersensitivity of the per-
formance of the device. In comparison with the non-reciprocity
achieved with two passive silicon microring cavities®!, our scheme
yields a good isolation performance due to gain-saturation-
induced nonlinearity, even at the ultralow probe power of a few
nanowatts, which is several orders of magnitude lower than that
reported in ref. 31.
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Figure 4 | Optical isolation performance of the device versus separation distance between toroid 2 and fibre 2. Experimental data clearly show the
capability of controlling the device performance by tailoring the coupling strength k., between toroid 2 and fibre 2. The probe and dropped pump powers are
26 pW and 140.1 wW, respectively. Insets: snapshots showing non-reciprocal transmission spectra where the maximal isolation ratios are obtained in the

forward and backward propagation configurations.

To further test the performance and controllability, we
implemented measurements by only modifying the coupling
strength k, between fibre 2 and toroid 2, with fixed input probe/
pump powers and other coupling strengths (u and k).
Apparently, a similar isolation behaviour is achieved, as shown in
Fig. 4, where the probe power is maintained at ~26 pW. As one
can see, when the coupling between fibre 2 and toroid 2 is weak,
the isolation ratio takes a negative sign, which indicates more back-
ward transmission than forward. However, when the coupling is
large enough, the isolation ratio becomes positive, showing more
output from the forward configuration. From Figs 2-4 it is worth
noting that the use of a gain toroid allows the system to yield a nar-
rower transmission linewidth than with only passive ones. In
coupled-mode theory (see Supplementary Section II), our theoreti-
cal simulations can explain the observed phenomena well (Figs 3
and 4) by including the gain-saturation nonlinearity.

It is now evident that the present microscale optical structure with
active—passive-coupled WGM microcavities is not only appropriate
for studies of PT-symmetric optics, but is also suitable as an on-chip
ultrasensitive, variable optical isolator with an isolation ratio ranging
from —8 dB to +8 dB at the optical communications wavelength. By
tuning the system parameters, the non-reciprocal direction can be
easily reversed for potential application as an optical switch. From a
device integration standpoint our design has the advantages of
compact footprint and variable isolation ratio, which are important in
making progress in the realization of on-chip photonic integration. As
afundamental building block to achieve on-chip optical non-reciprocity,
this architecture demonstrates a wide operating scope for the probe
power, ranging from a few nanowatts up to tens of microwatts.
Furthermore, the introduction of gain-saturable nonlinearity may
bring optical bistability (and multistability) within the PT symmetry fra-
mework and optical isolation. All these attributes deserve further inves-
tigation and encourage new discoveries of counter-intuitive optical
phenomena as well as a new generation of PT-symmetric optical devices.
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Note added in proof: During the review process we became aware
of a recent paper by Peng and co-workers?!, in which they also
experimentally demonstrated PT symmetry and non-reciprocal
light transmission in coupled WGM microcavities. The experimen-
tal demonstrations and the theoretical model used in the current
work go beyond those described in ref. 41.

Methods

Balancing gain and loss. In PT-symmetric optics, one key procedure is to approach
the critical condition by balancing the gain and loss (that is, g = ). To achieve this
necessary condition (Fig. 1b,d) we first brought the two WGM microtoroids close
enough together to ensure that the coupling strength w was larger than g and y. We
then coupled toroid 1 with tapered fibre 1, but decoupled fibre 2 from toroid 2. After
these two steps we gradually tuned the pump power until the probe transmission at
port 2 was observed to reach its maximum for a fixed probe input power. At this
point, the gain and loss were balanced. During the entire process, the pump detuning
with the g-toroid resonant frequency shift and the temperature of the y-cavity were
well adjusted to compensate for the thermal effect arising from optical pumping®2. It
should be mentioned that to make the resonance frequencies of the two
microcavities very close, we controlled the temperatures of the two microcavites to
ensure that the splitting modes exhibited almost the same transmission.

Optical isolation measurement. Figure 1d presents a schematic diagram of the set-
up for the optical isolation measurements. Two tunable narrow linewidth lasers,
operating at 1,480 nm and 1,550 nm bands, were used as the pump and probe light
sources, respectively. The optical powers and polarizations of both lasers were
adjusted by variable optical attenuators (VOA1 and VOA2) and fibre polarization
controllers (FPC1 and FPC2). Two optical couplers (couplerl and coupler2) were
used to monitor the pump and probe optical powers. Before entering coupler 1, the
pump light passed through a coarse wavelength division multiplexer (CWDML1) to
filter out noises at the 1,550 nm band. Three optical switches (S1, S2 and S3) were
used to switch the paths of the probe light and measure the transmission difference
between the forward and backward propagation configurations. For backward
transmission measurements, the probe laser was launched into the coupled
microcavities from port 4 by connecting two optical switches (S1 and S2) to a
variable optical attenuator (VOA4). The dropped transmitted light from port 1
passed through an optical fibre circulator and a CWDM2 (to filter out the reflected
pump light) connected to the third optical switch (S3). Two variable optical
attenuators (VOA3 and VOA4) were used to balance the insertion losses between the
forward and backward transmissions and to ensure that the optical powers of the
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probe fields from both paths were equal. (In the experiment, the backward
transmission has more insertion loss, so we add more additional optical loss using
VOA3 to make the insertion losses the same in both transmission directions. In
addition, VOA4 is needed because the variable optical attenuators have their own
insertion losses.) These arrangements are very important, because the gain
saturation in the active microtoroid is very sensitive to the circulated probe power.
The third CWDM (CWDM 3) was used to separate the pump and probe light
measured by detectors D1 and D2, respectively.
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