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Demonstration of a chip-based optical isolator
with parametric amplification

Shiyue Hua', Jianming Wen2, Xiaoshun Jiang1'3, Qian Hua', Liang Jiang2 & Min Xiao!34

Despite being fundamentally challenging in integrated (nano)photonics, achieving chip-based
light non-reciprocity becomes increasingly urgent in signal processing and optical
communications. Because of material incompatibilities in conventional approaches based on
the Faraday effect, alternative solutions have resorted to nonlinear processes to obtain
one-way transmission. However, dynamic reciprocity in a recent theoretical analysis has
pinned down the functionalities of these nonlinear isolators. To bypass such dynamic
reciprocity, we here demonstrate an optical isolator on a silicon chip enforced by
phase-matched parametric amplification in four-wave mixing. Using a high-Q microtoroid
resonator, we realize highly non-reciprocal transport at the 1,550 nm wavelength when waves
are injected from both directions in two different operating configurations. Our design,
compatible with current complementary metal-oxide-semiconductor (CMQOS) techniques,
yields convincing isolation performance with sufficiently low insertion loss for a wide range of
input power levels. Moreover, our work demonstrates the possibility of designing chip-based
magnetic-free optical isolators for information processing and laser protection.
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on-reciprocal photonic devices' that break time-reversal

symmetry provide crucial functionalities such as isolation

and circulation in laser protection, optical signal
processing and instrumentation applications. Yet, reciprocity, as
constrained by the Lorentz theorem?, is fundamental to light
transport in linear, time-invariant optical systems and holds even
in rather complex ones. Although widely used in optical
communications and sensing, non-reciprocal devices are still
challenging in silicon integrated photonics owing to limitations in
material integration and device design. To break the reciprocity,
a traditional approach is to guide light through materials with a
strong magneto-optical Faraday effect>®. Regardless of its
versatility, this approach usually encounters severe obstruction
from the miniaturization of bulky volumes and material
compatibility with mature integrated silicon photonic platforms.
Although small footprint>® could be obtained with advanced
bonding and deposition technologies, the application of an
external magnetic field may deleteriously interfere with nearby
optics and influence their functionalities.

The quest for alternative and more compact isolation schemes
has recently garnered an immense impetus and spawned a variety
of methods by adopting different physical principles to avoid the
need for the integration of magneto-optical elements. In one
alternative direction, a notable effort has been made upon
reproducing the effect of magneto optics using non-magnetic
structures undergoing spatiotemporal modulations’"!! (an idea
akin to the one used a while ago for non-reciprocal mode
conversion in optical fibres'?). In spite of the conceptual elegance,
unfortunately, most of the reported systems®~!! to date have to
rely on complex structures, which demand operating thresholds
often with fairly low non-reciprocal outputs. In contrast to linear
isolators, considerable enthusiasm has been devoted to breaking
Lorentz reciprocity with use of various nonlinearities. Among
these, to name a few, non-reciprocal light transmission has
recently been demonstrated with second-order nonlinearity!>!4,
Kerr or Kerr-type nonlinearities!>!®, gain/absorption saturation!’~1%,
Raman amplification?’, stimulated Brillouin scattering?!, Bra
scattering®?, thermo-optic effects?® and with opto-acoustic effects**.

Of these nonlinear means'>~?4, asymmetric transmission
contrast is typically demonstrated when a wave is injected in
either forward or backward direction but never both. The lack of
an experiment on the simultaneous presence of waves from both
directions causes people to question whether these nonlinear
isolators could be actually capable of providing complete isolation
under practical operating conditions. In a very recent theoretical
work, fortunately, this hgrpothesis has been partially disproved by
Shi and his co-workers®>. Specifically, they found that for Kerr or
Kerr-like nonlinearities, due to the existence of a dynamic
reciprocity, nonlinear isolators of this type fail to show any
isolation for arbitrary backward-propagating noise coexisting
with a forward signal. Moreover, their results point out an
important limitation on the use of nonlinear optical isolators for
signal processing and laser protection. The discovery on dynamic
reciprocity further prompts these authors to query whether such a
property is generally accompanied by a nonlinear optical isolator.
It is therefore fundamentally intriguing to know whether
nonlinear means could be chosen to construct a real chip-based
optical isolator for practical applications, especially for laser
protection.

To give an affirmative answer, here we propose and
demonstrate the realization of a chip-based, non-magnetic optical
isolator in a high-Q silica microtoroid resonator®® by exploiting
phase-matched parametric amplification in four-wave mixing. In
comparison with previous works!3~?* utilizing nonlinearities, our
framework shows explicitly remarkable isolating performance in
suppressing the transmission of backward-propagating noise with
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signal fields launched from both directions simultaneously.
Unlike prior work!721:23, our scheme achieves appreciable
isolation functionality with only one coupling fibre, a significant
non-trivial step forward. Because our device is compatible with
mature complementary metal-oxide-semiconductor (CMOS)
techniques, it paves the way for realizing practical on-chip
optical isolators through nonlinear processes beyond the
constraint posed by dynamic reciprocity.

Results

Basic principles. To bypass the dynamic reciprocity, our work
explores phase-matched parametric amplification in four-wave
mixing (Supplementary Note 1). Imposed by the phase matching
within the microcavity, the forward input signal experiences
parametric amplification, while the backward input remains
almost intact owing to the lack of suitable phase matching.
Because of the inversion symmetry of silica, the dominant
parametric process is four-wave mixing through third-order
nonlinearity. In the process, two pump photons (with angular
frequency w, and wave vector ky) are converted to one signal
photon (w;, ki) plus one idler (w; k;) by satisfying the
phase-matching condition: 2w, = w4 w; (energy conservation)
and 2k, =k, +k; (momentum conservation). It is the latter
momentum conservation that further bypasses the subtle
dynamic reciprocity and enables desirable isolation for backward-
traversing noise. Alternatively, this observation plays an essential
role in our experimental demonstrations. The bandwidth
(~3MHz) of the parametric gain for the signal field is largely
determined by the dispersion as well as the circulating optical
power inside the microcavity, and it is relatively narrower than
the cavity resonance linewidth in our experiment?”?8, To keep
the system stable, optical non-reciprocity is demonstrated
with the injected pump power below the threshold of the
optical parametric oscillation. We note that optical parametric
oscillation and its enabled Kerr frequency comb in high-Q
microcavities have been studied in previous studies”®3°. Tt is
worth emphasizing that another critical procedure of our
experiment is to fabricate the sample with almost no
backscattering®! for both pump and signal waves. This is
because the backscattering will severely impair the desired
directionality of the momentum conservation.

Experimental designs. As schematically illustrated in Fig. 1a and
Supplementary Fig. 1, our design consists of a high-Q silica
whispering-gallery-mode microtoroid?® fabricated on a silicon
chip and evanescently coupled to two tapered optical fibres
(labelled as fibre 1 and fibre 2). The experimental setup (see
Methods for details) is depicted in Fig. 1c, where the forward
signal beam was seeded from port 1; while the backward signal
was launched from either port 3 (in the two-fibre-coupling case)
or port 2 (in the single-fibre-coupling case). The pump laser was
always input through port 1. In the experiment, we first chose the
two-fibre-coupled structure to interrogate optical isolation
induced by phase-matched parametric amplification, as this
structure permits versatile controllability and easily illustrates the
non-reciprocal property. The pump and signal modes (shown in
Fig. 1b) are properly selected for the microtoroid cavity with Q
factors of 8.03 x 107 and 7.40 x 107 at the wavelengths of 1562.93
and 1557.39 nm, respectively. The wavelength difference between
the pump and signal fields is about 5.54 nm, coinciding with the
free spectral range of the microcavity. The idler is also generated
one free spectral range away from the pump mode, which makes
it easier to be separated and filtered out from the pump and signal
after port 2.
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Optical isolation with bidirectional signal injections. To test the
feasibility of our methodology, we begin with the verification of
reciprocal transmission of the forward and backward signal light
by turning the pump light off. As expected, reciprocal transport
(Fig. 2a) is recorded whenever the microtoroid is subjected to the
forward and backward signal input simultaneously or separately.
The single-peak transmission spectrum observed in both
directions (Fig. 2a) also confirms the absence of the back-
scattering inside the cavity. We then switch on the pump laser
and thermally lock it to the microcavity to produce parametric
gain for the seeded signal light. Thanks to the phase-matched
parametric amplification, the forward signal now returns more
output from port 3 than the backward signal as long as the gain
compensates the loss. Typical non-reciprocal transmission spectra
are presented in Fig. 2b, where the sharp peak appearing near the
spectral centre of the forward original input symbolizes the
maximal location of the parametric gain (also see Supplementary
Fig. 2a). Similar to other nonreciprocal light transmission enabled
by resonant structures, the performance of our isolator can be
well controlled by tuning a series of system parameters such as
the optical coupling rates (i, k,) and the dropped pump power
(Pp, the power injected into the microcavity). Figure 2c shows the
measurement of non-reciprocal signal transmission as a function
of P,. Its trend indicates that the isolation ratio (blue circles)
grows from 0 to ~18dB by gradually increasing P,,. The rela-
tively large error fluctuations are mainly due to the large uncer-
tainty from the backward transmitted-signal measurement. This
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is further confirmed by the stable output in the forward config-
uration (red circles). During the process, the incident forward and
backward signal beams were maintained with equal power of
5.6 uW, and the coupling rate «; (i) between fibre 1 (2) and the
toroid was set to 2m x 1.95MHz (2m x 0.18 MHz). Note again
that, to the best of our knowledge, there is no direct measurement
on a chip-based optical isolator with the simultaneous presence of
the signal light from both directions so far. More importantly, the
acquired isolation here evidently implies that the current scheme
is not limited by the dynamic reciprocity.

Figure 3 is a plot of the isolation behaviour versus the
reflectivity. Here, the reflectivity is referred to as the fraction of
the backward input signal power (P,) over the total input signal
power in both directions, =Py, / (P, + P¢). In the experiment, the
pump wavelength was thermally locked to the cavity mode with a
fixed detuning. The input pump power was about 451.20 pW,
while the power dropped into the cavity was kept at 78 pW.
The input signal power in the forward direction was set at
Py=0.97 uW, while P, increased gradually from 95.57nW to
9.57 UW (see Supplementary Note 2). Owing to the contamina-
tion in the experiment, the optical Q-factors corresponding to the
pump and signal modes reduce to 4.20 x 107 and 5.79 x 107
Remarkably, reliable isolation with a ratio well above 10dB is
readily available for # between 0 and 1. The inset is a snapshot of
the typical transmission spectra obtained in the forward and
backward directions. To further evaluate the device performance,
we have investigated the non-reciprocity in terms of the input
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Figure 1 | Optical isolator with parametric amplification in a high-Q microtoroid cavity. (a) 3D schematic of forward (solid yellow arrow) and backward
(dashed yellow arrow) propagation configurations based on signal inputs at ports 1 and 3 in the two-fibre-coupling case (at ports 1 and 2 in the single-fibre-
coupling case). (b) Frequency spectral representation of the pump, signal and idler waves involved in four-wave mixing, whose occurrence only appears in
the forward direction due to phase matching. The red line represents the continuous-wave pump laser. The green and yellow lines denote, respectively, the
parametric-amplified forward signal and generated idler waves. (¢) Schematic of the experimental setup. C, optical fibre circulator; D, photodetector; FPC,
fibre polarization controller; OSA, optical spectrum analyser; PM, power metre; S, optical switch; TBF, tunable bandpass filter; VOA, variable optical

attenuator.
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Figure 2 | Optical isolation versus dropped pump power in the two-fibre-
coupling case. (a) With pump off, as expected, reciprocal transmission is
obtained. The single peak appearing in both forward and backward
transmission spectra indicates negligible backscattering effect in the
microcavity. (b) With pump on, typical asymmetric transmission spectra are
observed when the parametric gain compensates the loss. The sharp peak in
forward transmission marks the centre of the parametric gain. (¢) Measured
optical isolation ratio as a function of the dropped pump power (blue circles).
In contrast, the normalized forward signal transmission (red circles) bears
with a smooth behaviour. The error bars are the standard deviation of the
measured isolation ratios under same pump conditions, which suggest the
isolation uncertainty be mostly owing to the backward transmission.
Parameters: the simultaneous presence of equal forward and backward signal
power is 5.6 pW, k1= 21 x 1.95 MHz and x; =21 x 0.18 MHz.

signal powers under the condition of P, = Py (see Supplementary
Fig. 3). In this case, we fix all other parameters but only alter
input powers of both forward and backward signal light.
Apparent isolation can be well held with a ratio above 15dB
for P,=P¢ in the range of 0.1-10uW (see Supplementary
Note 2). In addition, the typical insertion loss as low as ~4dB is
achieved throughout the measurement (for example, Fig. 2).

Discussion

Unlike previous demonstrations (relying highly upon a
microresonator asymmetrically coupled to two waveguides),
optical non-reciprocity induced by the parametric amplification
here can even be implemented with only a single-fibre coupling.
This can be understood from the directionality of phase matching
specified by the pump-photon momentum, as it resembles an
external magnetic field applied in the common magneto-optical
effect. The experimental proof is performed via removing fibre 2
(Fig. la,). Using another sample with optical Q-factors of
2.07 x 107 and 5.69 x 10 at the pump and signal modes, we first
confirmed reciprocal transmission of signal fields by switching off
the pump laser. The experimental data are shown in Fig. 4a,
where forward and backward input signals have equal power of
1.46 uW. By turning the pump on, the non-reciprocity becomes
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Figure 3 | Optical isolation in terms of reflectivity in the two-fibre-
coupling case. The backward input signal power Py, is increased from
95.57nW to 9.57 uW. The dropped pump power is maintained at 78 pW.
The inset shows the transmission spectra of the marked point with

P, =1.20 uW. The error bars are the standard deviation of the measured
optical isolations under the same parameter conditions, whose fluctuations
are mainly owing to the backward signal transmission. Other parameters:
the fixed forward input signal power is P;=0.97 uW, ;=21 x 0.29 MHz
and k, =21 x 0.05MHz.
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Figure 4 | Optical non-reciprocity versus dropped pump power in the single-
fibre-coupling case. (@) Reciprocal transmission is expected with pump off.
(b) With pump on, typical non-reciprocal transmission spectra are recorded as
the forward signal experiences phase-matched parametric amplification but the
backward does not. (¢) The optical isolation is characterized only as a function
of the dropped pump power. The error bars represent the standard deviations of
measured isolation uncertainties under the same conditions, and their
fluctuations are mainly affected by the uncertainties of backward signal
transmission. Parameters: the simultaneously injected forward and backward
signal powers are equal to 1.46 uW and x;=2r X 0.4 MHz.
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more appreciable as the parametric gain is large enough in the
cavity. The isolation trend versus the dropped pump power is
displayed in Fig. 4c. As one can see, when the dropped pump
power is greater than 350 pW (also see Supplementary Fig. 2b),
asymmetric transmission starts to become distinct. The typical
output spectra measured at ports 2 and 1 are presented in Fig. 4b.
Again, the peak arising in the forward transmission spectrum
comes from the parametric amplification. Besides, with the same
setting we have confirmed asymmetric transmission as usual by
launching the signal field only in either the forward or the
backward direction but never in both (Supplementary Fig. 4).

In summary, in this work we have conceptually demonstrated
the possibility of designing and implementing an optical isolator
by employing phase-matched parametric amplification in a chip-
based high-Q microtoroid resonator. The simple scheme,
operated under practical conditions, explicitly proves itself to be
useful for protecting a laser from harmful reflections, which is one
of the most important applications of non-reciprocal devices. We
note that our methodology shares certain similarities with the
schemes of stimulated Brillouin scattering?!, Bragg scattering
four-wave-mixing?? and acousto-optics>* in the sense that they
are linear in their response with respect to the signal field?>. From
this point of view, these nonlinearity-based optical isolators could
be considered as linear ones for the signal beam, and are
anticipated not to be limited by the dynamic reciprocity, as noted
in ref. 25. Another significant aspect of this design is its ability to
have low insertion loss available with the gain amplification.
Because the device exploits cavity resonance enhancement and
phase-matched parametric amplification, the main drawback of
the current work is its working range limited to narrow
bandwidth in nature. By employing the optical microcavity with
a larger nonlinear-refractive-index material’?> (such as silicon
nitride or high-index doped silica) and a lower optical quality
factor, this isolation bandwidth could, in principle, be broadened.
By using other suitable platforms such as waveguides, the
operating isolation bandwidth could be substantially broadened,
but inevitable propagation loss may lead to large insertion loss.
Also, it is possible to integrate a waveguide to a silica microcavity
without sacrificing isolation performance by replacing the tapered
fibres with integrated waveguides®>*%. Nevertheless, it is expected
that the current device could be potentially useful for integrated
quantum photonics using narrowband single photons or
continuous variables as information carriers. Importantly, our
results convey that it is feasible to build a non-magnetic optical
isolator using nonlinear optics for laser protection and optical
information processing in integrated photonics. In addition,
we anticipate that our work could stimulate more efforts
on identifying and developing practical and magnetic-free
non-reciprocal devices utilizing nonlinear means.

Methods

Optical non-reciprocity measurements. Figure 1c presents a schematic diagram
of the experimental setup for isolation measurements on the proposed nonlinear
optical isolator. The setup looks similar to our previous works!”!%, except that it is
further capable of simultaneous injections of signal fields in both forward and
backward directions. By adjusting two optical switches S1 and S2, the system is
interchangeable between two coupling cases: single-fibre-coupling and two-fibre-
coupling. The polarizations of the forward and backward fields are, respectively,
adjusted by FPC3 and FPC2 to match the polarizations supported by the cavity
modes. Experimentally, two narrow linewidth continuous-wave tunable lasers
operating in the 1,550 nm band are used as a pump and signal fields, respectively.
During the optical isolation measurement, the pump cavity mode is thermally
locked to the pump laser and the dropped pump power is adjusted by controlling
the pump frequency detuning with respect to the cavity resonance frequency.

Two-fibre-coupling case. For the experiment with the two-fibre-coupled
structure, S1 and S2 were switched into @. The forward signal was launched into
the microcavity through port 1 and was extracted at port 3. After passing an optical

fibre circulator (C2), two optical couplers (Coupler5 and Coupler6), and a tunable
bandpass filter (TBF1), the forward signal emitted from port 3 is measured by a
photodetector (D1). The forward signal exiting from port 2 was routed to S2,
Coupler7, TBF3 and D4 for measurement. Correspondingly, the backward signal
was injected from port 3 and extracted from the cavity from port 1 followed by C1,
Filter2 and D3 for analysis. D6 was used to measure the coupling rate between fibre
2 and the microcavity. During the measurement, the pump field was always
launched from port 1 and its transmission at port 2 was detected by D5 after
traversing S2 and Coupler7.

Single-fibre-coupling case. By switching S1 and S2 into @, as schematically
shown in Fig. 1c, the system is in the single-fibre-coupling case. That is, the
microtoroid resonator is only coupled with fibre 1. Fibre 2 was moved away via a
nano-positioner. The forward signal beam was launched into the toroid through
port 1 and its output from port 2 was directed to S2, S1, C2, Coupler5, Couplers,
TBF1 and D1 for detection. The backward signal light was incident through port 2
and its output from port 1 was directed to C1, TBF2 and D3 for measurement.
The transmitted pump light from port 2 was measured by D2 after passing S2, S1,
Coupler5 and Coupleré6.

For the experiment on investigating non-reciprocal transmission by launching
the signal either in the forward configuration or the backward as done in previous
research!423, on the other hand, one only needs to switch off one path of the signal
propagation through a variable optical attenuator (VOA 4 or VOA3).

Data availability. The data that support the findings of this study are available
from the corresponding authors on request.

References

1. Jalas, D. et al. What is—and what is not-an optical isolator. Nat. Photon 7, 579-
582 (2013).

2. Potton, R. J. Reciprocity in optics. Rep. Prog. Phys. 67, 717-754 (2004).

3. Dotsch, H. et al. Applications of magneto-optical waveguides in integrated
optics: review. J. Opt. Soc. Am. B 22, 240-253 (2005).

4. Levy, M. Nanomagnetic route to bias-magnet-free, on-chip Faraday rotators.
J. Opt. Soc. Am. B 22, 254-260 (2005).

5. Bi, L. et al. On-chip optical isolation in monolithically integrated
non-reciprocal optical resonators. Nat. Photon 5, 758-762 (2011).

6. Stadler, B. J. H. & Mizumoto, T. Integrated magneto-optical materials and
isolators: A review. IEEE Photon. J 6, 0600215 (2014).

7. Yu, Z. & Fan, S. Complete optical isolation created by indirect interband
photonic transitions. Nat. Photon 3, 91-94 (2009).

8. Lira, H, Yu, Z, Fan, S. & Lipson, M. Electrically driven nonreciprocity induced
by interband transition on a silicon chip. Phys. Rev. Lett. 109, 033901 (2012).

9. Doerr, C. R, Chen, L. & Vermeulen, D. Silicon photonics broadband
modulation-based isolator. Opt. Express 22, 4493-4498 (2014).

10. Tzuang, L., Fang, K., Nussenzveig, P., Fan, S. & Lipson, M. Non-reciprocal

phase shift induced by an effective magnetic flux for light. Nat. Photon 8,
701-705 (2014).

. Li, E,, Eggleton, B., Fang, K. & Fan, S. Photonic Aharonov-Bohm effect in
photon-phonon interactions. Nat. Commun. 5, 3225 (2014).

12. Hwang, L. K, Yun, S. H. & Kim, B. Y. All-fiber-optic nonreciprocal modulator.

Opt. Lett. 22, 507-509 (1997).

13. Gallo, K. & Assanto, G. All-optical diode based on second-harmonic generation
in an asymmetric waveguide. J. Opt. Soc. Am. B 16, 267-269 (1999).

14. Gallo, K., Assanto, G., Parameswaran, K. R. & Fejer, M. M. All-optical diode in
a periodically poled lithium niobate waveguide. Appl. Phys. Lett. 79, 314-316
(2001).

. Grigoriev, V. & Biancalana, F. Nonreciprocal switching thresholds in coupled
nonlinear microcavities. Opt. Lett. 36, 2131-2133 (2011).

16. Shadrivov, I. V., Bliokh, K. Y., Bliokh, Y. P., Freilikher, V. & Kivshar, Y. S.
Bistability of Anderson localized states in nonlinear random media. Phys. Rev.
Lett. 104, 123902 (2010).

17. Chang, L. et al. Parity-time symmetry and variable optical isolation in
active—passive-coupled microresonators. Nat. Photon 8, 524-529 (2014).

18. Wen, J. et al. Modeling of on-chip optical nonreciprocity with an active
microcavity. Photonics 2, 498-508 (2015).

19. Jiang, X. et al. On-chip optical nonreciprocity using an active microcavity. Sci.
Rep. in press.

20. Krause, M., Renner, H. & Brinkmeyer, E. Optical isolation in silicon waveguides
based on nonreciprocal Raman amplification. Electron. Lett. 44, 691-693
(2008).

. Huang, X. & Fan, S. Complete all-optical silica fiber isolator via stimulated
Brillouin scattering. J. Lightwave Technol. 29, 2267-2275 (2011).

22. Saha, K. et al. in Conference on Lasers and Electro-Optics, paper QF1D.2

(Optical Society of America, 2013).

23. Fan, L. et al. An all-silicon passive optical diode. Science 335, 447-450 (2012).

24. Kang, M. S., Butsch, A., Russel, P. & St., . Reconfigurable light-driven
opto-acoustic isolators in photonic crystal fibre. Nat. Photon 5, 549-553 (2011).

1

—

1

w

2

—_

| 7:13657 | DOI: 10.1038/ncomms13657 | www.nature.com/naturecommunications 5


http://www.nature.com/naturecommunications

ARTICLE

25. Shi, Y., Yu, Z. & Fan, S. Limitations of nonlinear optical isolators due to
dynamic reciprocity. Nat. Photon 9, 388-392 (2015).

26. Armani, D. K., Kippenberg, T. J., Spillane, S. M. & Vahala, K. J. Ultra-high-Q
toroid microcavity on a chip. Nature 421, 925-928 (2003).

27. Boyd, R. W. Nonlinear Optics 3rd edn (Academic Press, 2008).

28. Matsko, A. B., Savchenkov, A. A., Strekalov, D., Ilchenko, V. S. & Maleki, L.
Optical hyperparametric oscillations in a whispering-gallery-mode resonator:
threshold and phase diffusion. Phys. Rev. A 71, 033804 (2005).

29. Kippenberg, T. J., Spillane, S. M. & Vahala, K. J. Kerr-nonlinearity optical
parametric oscillation in an ultrahigh-Q toroid microcavity. Phys. Rev. Lett. 93,
083904 (2004).

30. Kippenberg, T. J., Holzwarth, R. & Diddams, S. A. Microresonator-based

optical frequency combs. Science 332, 555-559 (2011).
. Kippenberg, T. J., Spillane, S. M. & Vahala, K. J. Modal coupling in traveling-
wave resonators. Opt. Lett. 27, 1669-1671 (2002).

32. Moss, D. J., Morandotti, R., Gaeta, L. & Lipson, M. New CMOS-compatible
platforms based on silicon nitride and Hydex for nonlinear optics. Nat. Photon
7, 597-607 (2013).

33. Zhang, X. & Armani, A. M. Silica microtoroid resonator sensor with
monolithically integrated waveguides. Opt. Express 21, 23592-23603 (2013).

34. Yang, K. Y., OH, D. Y,, Lee, S. H. & Vahala, K. J. in Conference on Lasers and
Electro-Optics. paper JTh4B.7 (Optical Society of America, 2016).

3

—

Acknowledgements

This research was supported by the National Basic Research Program of China
(2012CB921804), the National Key Research and Development Program
(2016YFA0302500), the National Natural Science Foundation of China (Nos. 61435007,
11574144 and 11321063), the Natural Science Foundation of Jiangsu Province, China
(BK20150015), the Fundamental Research Funds for the Central Universities. J.W. and
L.J. acknowledge funding supports from the ARO MURI, ARL, AFOSR MUR],

Alfred P. Sloan Foundation and the David and Lucile Packard Foundation.

Author contributions

X.J. and M.X. conceived the idea and supervised the experiment. S.H. implemented the
experiment with help from Q.H. and analysed the data with contributions from J.W. and
L.J. All authors participated in the discussion of the project. J.W., X.J. and S.H. wrote the
manuscript with contributions from all authors.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Hua, S. et al. Demonstration of a chip-based optical isolator
with parametric amplification. Nat. Commun. 7, 13657 doi: 10.1038/ncomms13657
(2016).

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0
By International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise

in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

| 7:13657 | DOI: 10.1038/ncomms13657 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	Demonstration of a chip-based optical isolator with parametric amplification
	Introduction
	Results
	Basic principles
	Experimental designs
	Optical isolation with bidirectional signal injections

	Discussion
	Methods
	Optical non-reciprocity measurements
	Two-fibre-coupling case
	Single-fibre-coupling case
	Data availability

	Additional information
	Acknowledgements
	References




