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‘We propose how to create and manipulate one-way nonclassical light via photon blockade in ro-
tating nonlinear devices. We refer to this effect as nonreciprocal photon blockade (PB). Specifically,
we show that in a spinning Kerr resonator, PB happens when the resonator is driven in one direction
but not the other. This occurs because of the Fizeau drag, leading to a full split of the resonance
frequencies of the counter-circulating modes. Different types of purely quantum correlations, such
as single- and two-photon blockades, can emerge in different directions in a well-controlled manner,
and the transition from PB to photon-induced tunneling is revealed as well. Our work opens up a
new route to achieve quantum nonreciprocal devices, which are crucial elements in chiral quantum

technologies or topological photonics.

Nonreciprocal devices, allowing the flow of light from
one side but blocking it from the other, are indispens-
able in a wide range of practical applications, such as
invisible sensing or cloaking, and noise-free information
processing [1]. To avoid the difficulties of conventional
magnet-based devices (e.g., bulky and quite lossy at op-
tical frequencies), nonreciprocal optical devices have been
demonstrated in recent experiments based on nonlinear
optics [2, 3], optomechanics [4-6], atomic gases [7, 8], and
non-Hermitian optics [9-11]. Similar advances have also
been achieved in making acoustic and electronic one-way
devices [12-17]. However, previous studies have mainly
focused on the classical regimes, i.e., one-way control
of transmission rates instead of quantum noises. Non-
reciprocal quantum devices have been explored very re-
cently, including one-way quantum amplifiers [18-24] and
routers of thermal noises [25]. Such devices can find ap-
plications for quantum control of light in chiral and topo-
logical quantum technologies [26-28].

Here we propose how to induce and control nonrecip-
rocal quantum effects with rotating nonlinear devices.
Specifically, we show that photon blockade (PB), which
is a purely quantum effect, can emerge nonreciprocally in
a spinning Kerr resonator. We note that single-photon
blockade (1PB), i.e., blockade of the subsequent photons
by absorbing the first one [29-32], has been demonstrated
experimentally in diverse systems from cavity or circuit
QED [33-40] to cavity-free devices [41]. In view of its im-
portant role in achieving single-photon devices, optome-
chanical PB [42-45] have also been explored, offering a
way to test, e.g., the quantumness of massive objects [46—
50]. In a very recent experiment [51], two-photon block-
ade (2PB) [31, 52-59] has also been observed, opening a
route for creating two-photon devices. Thus, nonrecip-
rocal PB devices, as studied here, together with other
nonreciprocal quantum devices [18-23, 25], are expected

to play a key role in quantum engineering [60-62], metrol-
ogy [63-65], and quantum information processing [66, 67]
at the single- or few-photon levels.

In a very recent experiment [68], an optical diode with
99.6% isolation has been demonstrated by using a spin-
ning resonator. Inspired by this experiment [68], here
we study nonreciprocal PB in a spinning Kerr resonator.
We find that light with sub- or super-Poissonian photon-
number statistics can emerge when driving the resonator
from its left or right side. Also, by varying the parameters
of the system, different quantum correlations (i.e., 1PB or
2PB) can be achieved for the clockwise (CW) or counter-
clockwise (CCW) modes, for a resonator spinning along
the CCW direction. We note that the main idea of non-
reciprocal PB is analogous to the classical nonreciprocity
induced by the Doppler effect, which has been studied ex-
tensively in various areas of physics (see, e.g., [7, 8, 69]).
Here we focus on quantum nonreciprocity induced by the
Fizeau light-dragging effect. This opens up the prospect
of engineering nonreciprocal PB devices for applications
in e.g., unidirectional quantum sensing and quantum op-
tical communications [28].

Model.—We consider a spinning optical Kerr resonator
as shown in Fig. 1. As a generic PB model [30, 32, 53],
Kerr interactions can also be experimentally achieved in
cavity-atom systems [33, 70], or magnon devices [71], and
theoretically in optomechanical systems [42, 43]. For a
resonator spinning at an angular velocity €2, the light
circulating in the resonator experiences a Fizeau shift,

ie., wyp = wo + Ap, with [72]:
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where wy is the resonance frequency of a non-spinning
resonator, n is the refractive index, r is the resonator
radius, and ¢ ()A) is the speed (wavelength) of light in

Ap ==+

nrQwo ( 1

n2



(©)

PIT & (Ar<0)

AE
5 12)
Wy
S 2wl ],
w. |1> W I S
S I = PR SIS T N Y
W, ,
[ 10) 0) T
0 0
k=15 A =U/2 k=15

FIG. 1. Nonreciprocal 1PB in a spinning Kerr resonator.

1PB arises due to the anharmonic spacing of the energy levels
[n). Here we take n = 0,1,2, and h = 1, for simplicity.
By fixing the CCW rotation of the resonator (the angular
speed Q fulfills the condition Ar = £U/2), under the same
driving power P, = 2fW and the same detuning A, = —-U/2,
ie, k=1—-A./U = 1.5, (a) 1PB emerges by driving the
device from its left side (Ar > 0), while (b) PIT caused by
two-photon resonance occurs by driving from the right side
(Ar < 0). This PIT exhibits g (0) > 1 (u = 2,3,4) [73].

vacuum. Usually, the dispersion term dn/d), character-
izing the relativistic origin of the Sagnac effect, is rel-
atively small (up to ~ 1%) [68, 72]. We fix the CCW
rotation of the resonator, hence Ar > 0 (Ap < 0) corre-
sponds to the situation of driving the resonator from its
left (right) side, i.e., the CW and CCW mode frequencies
are we, oy = wo £ |Ar|, respectively.

In a frame rotating at driving frequency wy, the ef-
fective Hamiltonian of the system can be written at the
simplest level as [73]:

H=h(Ap+Ar)ata+nUata(ata— k) +nreal +a), (2)

where Ay, = AL + Uk —1), AL = wp — wy, the tuning
parameter k is simply k =1 — Ay /U for A, =0, a (af)
is the annihilation (creation) operator of the cavity field,
and & = /7Py /(hwr), with the cavity loss rate v and
the driving power P,,. The Kerr parameter is [74]: U =
hwdcng /(n3Veg), where ng (ng) is the linear (nonlinear)
refraction index, and V,g is the effective mode volume.
The Kerr coupling is also attainable by using other kinds
of devices [33, 42, 43, 70, 71]. Note that the term Ap
makes Eq. (2) fundamentally different from that used for
studying conventional PB [53].

The energy eigenstates of this system are the Fock
states [n) (n =0,1,2,...) with eigenenergies

E, =nhAp + (n® — n)hU + nh|Ag|, (3)

where n is the cavity photon number. The second term,
with U, leads to an anharmonic energy-level structure.
The last term, with £|Ag|, describing upper or lower
shifts of energy levels with an amount being proportional
to €, is the origin of nonreciprocal implementations of
PB. When |Ap| = U/2 and the probe with frequency
wo + |Af| (k = 1.5) comes from the left side, the light is
resonantly coupled to the transition |0) — |1). As shown
in Fig. 1(a), the transition |1) — |2) is detuned by 2AU
and, thus, suppressed for U > ~, i.e., once, a photon
is coupled into the resonator, it suppresses the probabil-
ity of the second photon with the same frequency going
into the resonator. In contrast, by driving from the right
side, there is a two-photon resonance with the transition
|0) — |2), hence the absorption of the first photon fa-
vors also that of the second or subsequent photons, i.e.,
resulting in photon-induced tunneling (PIT), as defined
below and shown in Fig. 1(b). This is a clear signature of
nonreciprocal 1PB; i.e., sub-Poissonian light emerges by
driving the system from one side, while super-Poissonian
light emerges by driving from the other side.

Analytical results—To confirm this intuitive picture,
we study the pth-order (u = 2,3) correlation function
with zero-time delay, i.e., g/ (0) = (af*a*)/(a)", with
f = afa. The condition ¢ (0) > 1 [¢¥(0) < 1] char-
acterizes PIT [34, 75] (1PB) via super-Poissonian (sub-
Poissonian) photon-number statistics or photon bunch-
ing (antibunching) [76, 77]. The latter terms can also
refer to different (i.e., two-time) optical correlation ef-
fects [77, 78], which are, however, not studied here. We
stress that, although PIT has a classical-like property of
super-Poissonian photon-number statistics [75, 79, 80], it
is a purely quantum effect [34]. The analysis of higher-
order correlation functions ¢g*)(0) > 1 with p > 2 can
reveal the relation of a particular PIT and multi-PB [73].
Thus, more refined criteria for PIT are sometimes ap-
plied [50, 79, 81], and we refer here to PIT if the con-
ditions g (0) > 1 for u = 2,3,4 are satisfied [73]. We
also note that partially coherent mixtures of the vacuum,
and single- and multi-photon states, as generated here,
can be described by pth-order super-Poissonian correla-
tions, i.e., g (0) > 1, for specific values of p [82]. Par-
ticularly, ¢©(0) < 1 [¢©®(0) > 1] is a signature of third-
order sub-Poissonian (super-Poissonian) statistics, which
is also interpreted as three-photon antibunching (bunch-
ing) in recent experiments on multi-PB [51] and PIT [81].
Thus, ¢ (0), which is usually measured with extended
Hanbury Brown-Twiss interferometers, provides a more
refined test and classification of the nonclassical character
of light, including 2PB (as studied below) or unconven-
tional PB [83].

According to the quantum-trajectory method [84], the
optical decay can be included in the effective Hamiltonian
Hy = H — (ihy/2)ata, where v = w/Q is the cavity
dissipation rate and @ is the quality factor. In the weak-
driving regime (£ < 7), by truncating the Hilbert space
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FIG. 2. The second-order correlation function g(2)(0) versus
the tuning parameter k for different input directions. At k =
1.5, 1PB (red curve) or PIT (blue curve) occurs by driving
the device from the left or right side, with the same strength.
Here P, = 2fW, Q = 29kHz for the spinning resonator, and
g((,Q) (0) corresponds to a non-spinning resonator (green). Note
that € is related to Ar by Eq. (1). For the other parameter
values, see the main text. On the scale of this figure, there
are no differences between our numerical and (approximate)
analytical results [73].

to n = 2, the state of this system is written as |p(t)) =
Zi:o Cp(t)|n), with probability amplitudes C,,. Then
we have the following equations of motion

Oo(t) = —7;1/000(15) - ZfCl (t),
Cu(t) = =il = i3)C1(t) = i€Co(t) — i€V (1), (4)
Ca(t) = —i(vy — i7)Cal(t) — iEV2CH (1),

with Ay, = E,, Cy(0) =1, C1(0) = C2(0) = 0. Solving
these equations (and dropping higher-order terms) leads
to the steady-state solutions
_ —<
Ci(00) = ——————, COy(c0)
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Denoting the probability of finding m photons in the
resonator by P(m) = |C,|?, we have

2P, - (AL+AF)2+’YQ/4 (6)
(P +2P)2  (AL+Ap+U)2+72/4
1PB and PIT correspond to the minimum and the maxi-
mum of g(®(0), respectively, i.e., when U > 7, gr(fi)n(O) =
14U/ +1] < 1 for AL = —Ap, and g2 (0) =
4(U/")/)2 +1>1for A = —-Arp —U.

Numerical results.—In order to confirm our analytical
results, now we numerically study the full quantum dy-
namics of the system. We introduce the density operator
p(t) and then solve the master equation [85, 86]:

)- (7)

9@ (0) =
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The photon-number probability P(n) = (n|pss|n) can be
obtained for the steady-state solutions pgs of the mas-
ter equation. The experimentally accessible parameters
are chosen as [87-91]: Vg = 150um3, Q = 5 x 107,
ne =3 x 1074 m2?/W, ng = 1.4, P, = 2fW, r = 30 um,
and A = 1550 nm. Vg is typically 102-10* um? [87, 88],
Q is typically 10°-10'2 [89, 90], and ¢(®(0) as low as
~ 0.13 was achieved experimentally [33]. Moreover, in
Fig. 2, we set Q) = 29 kHz; a similar property of quan-
tum nonreciprocity is also confirmed for Q = 6.6 kHz
(see the Supplemental Material [73]). These values of
Q) are experimentally feasible [68]. Very recently, spin-
ning objects have reached much higher velocities, reach-
ing the GHz regime [92, 93]; such systems could also be
applied to study the nonreciprocal PB via Kerr-like op-
tomechanical interactions [94, 95]. We note that the Kerr
coefficient can be ny ~ 10714 m?/W for materials with
potassium titanyl phosphate [91], and ny can be further
enhanced with various techniques [96-101], e.g., feedback
control [100, 101] or quadrature squeezing [98, 99].

An excellent agreement between our analytical results
and the exact numerical results is seen in Fig. 2. Here we
use 982)(0), gg)(O)7 and gg)(()) to denote the cases with
Ap =0, Ap > 0, and A < 0, respectively. For a non-
spinning resonator, regardless of the driving direction,
g(()2) (0) always has a dip at k = 1 (i.e., Ay = 0) or a
peak at k = 2 (i.e., AL = —U), corresponding to 1PB
or PIT, respectively. In contrast, for a spinning device,
by driving from the left (right) side, we have Ap > 0
(Af < 0) and, thus, a red (blue) shift for ¢®)(0), leads to
1PB (PIT) at k = 1.5, i.e., g2 (0) ~ 0.001, g/ (0) ~ 673.
This quantum nonreciprocity, with up to siz orders of
magnitude difference of g(®(0) for opposite directions, is
fundamentally different from the classical transmission-
rate nonreciprocity.

Nonreciprocal 2PB.—The absorption of 2 photons can
also suppress the absorption of additional photons [53].
This 2PB effect, featuring three-photon antibunching,
but with two-photon bunching, satisfies [51, 73]:

gD (0) < f=e, gD (0) > 1P = =™+ g7 (0).

(8)
The third-order correlation function can be obtained an-
alytically as [73]:

6P (A2 +4%/4)9P(0)

(PL+2P,+3P;)% — (A+42U)2% ++2/4 ’( )

9
with A = Ay 4+ Ap, also agreeing well with the numeri-
cal results. Figures 3(a) and 3(b) show that 2PB emerges
around k = 2.5 by driving from the left side, while we
have PIT by driving from the right side, i.e., gg) (0) ~ 36,
gg’) (0) ~ 1003. By tuning the driving frequency to the
three-photon resonance [see Fig. 3(d)], it is indeed pos-
sible to observe that ¢*)(0)/¢®(0) ~ 100, as shown in
Fig. 3(a) for max(n) = 0.0185. This means that the prob-
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FIG. 3. (a) The correlation functions ¢‘® (0) (solid curves)
and g® (0) (dashed curves) versus the tuning parameter k for
different driving directions. Note that at & = 2.5, 2PB can
emerge by driving the system from the left side (orange), while
PIT occurs by driving from the right side (blue). In (b), 2PB
is confirmed by the criteria given in Eq. (8) for the CW mode.
(c) This nonreciprocal 2PB can also be recognized from the
deviations of the photon distribution to the standard Poisson
distribution with the same mean photon number. (d) The
energy-level diagram shows the origin of this unidirectional
2PB: with enhanced driving power P, = 0.3pW, by choosing
A = =3U/2 (ie., k = 2.5), 2PB emerges by driving the
device from the left (Ar > 0), while three-photon resonance-
induced PIT emerges by driving from the right side (Ar < 0).
The other parameters are the same as those in Fig. 2.

ability of simultaneously measuring three photons can be
much larger than that of two photons in this situation.
Similar values of g(®(0) ~ 103, ¢ (0) ~ 10 were also
predicted in the PIT analysis in Ref. [81].

Our results can be further confirmed by comparing the
photon-number distribution P(n) with the Poisson dis-
tribution P(n). Figure 3(c) shows that P(2) is enhanced
while P(n > 2) are suppressed by driving from the left
side, which is in sharp contrast to the case when driving
from the right side. This unidirectional 2PB effect can
be intuitively understood by considering the energy-level
structure of the system, as shown in Fig. 3(d). By choos-
ing A, = —3U/2 or k = 2.5, the transition |0) — |2) is
resonantly driven by the left input laser, but the transi-
tion |2) — |3) is detuned by 4hU, which features the 2PB
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FIG. 4. (a) The correlation functions ¢ (0) (solid curves)
and ¢‘®(0) (dashed curves) versus the tuning parameter & for
different driving directions. 1PB can emerge around k& = 1.5
by driving from the left side (orange), while 2PB occurs by
driving from the right side (blue). In (b), 2PB is confirmed by
the criteria given in Eq. (8) for the CCW mode. (c) This 1PB-
2PB nonreciprocity can also be recognized from the relative
photon population numbers in the resonator. For all plots,
the parameters are the same as those in Fig. 3.

effect; in contrast, by driving from the right side, three-
photon resonance happens for the transition |0) — |3),
leading to PIT. Hence with such a device, sub-Poissonian
light can be achieved by driving it from the left side, while
super-Poissonian light is observed by driving it from the
right side.

Nonreciprocity of 1PB and 2PB.—Fig. 4 shows that at
k = 1.5, 1PB emerges by driving from the left side, due
to gg)(O) ~ (0.045, while 2PB occurs by driving from the
right side since the criteria given in Eq. (8) are fulfilled
for Ap < 0. This indicates a purely quantum device with
direction-dependent counting statistics, a new nonrecipro-
cal feature, which has not been revealed previously. This
1PB-2PB nonreciprocity, as also clearly seen in Fig. 4(c)
for the populations of different Fock states, provides a
route for creating or processing different quantum states
in a single node of quantum networks [66, 67]. Figures 3—
4 present our solutions of the standard master equation,
given in Eq. (7), which describes both a slow continu-
ous non-unitary evolution and quantum jumps occurring
with a small probability [102]. By contrast, our approx-
imate analytical solutions, based on the complex Hamil-
tonian Hy and the Schrodinger equation, were obtained
by ignoring these quantum jumps following the standard
approach of [103].

Conclusions.—We have studied nonreciprocal PB ef-
fects in a spinning Kerr resonator. By fixing the CCW
rotation of the resonator, we find that, (i) for P, = 2 fW,
Agag = £U/2 and k = 1.5, we have 1PB and PIT for the
CW and CCW modes, respectively; (ii) for Py, = 0.3 pW,



Agag = £U/2 and k = 2.5, we have 2PB and PIT for
the CW and CCW modes, respectively; more interest-
ingly, (iii) for P, = 0.3 pW, Agae = £U/2 and k = 1.5,
we have 1PB and 2PB for the CW and CCW modes,
respectively (for more examples, see the Supplementary
Material [73]). These results can be useful in achieving
e.g., nonreciprocal few-photon sources and quantum one-
way devices.

The basic mechanism of this work can be generalized to
a wide range of systems, such as acoustic and electronic
devices [12-17], to achieve e.g., nonreciprocal phonon
blockade [46—-48], as a test of the quantumness of mechan-
ical devices [77]. Our work can also be extended to study,
e.g., nonreciprocal photon turnstiles [104], nonreciprocal
photon routers [105-107], and nonreciprocal extraction of
a single photon from a laser pulse [108], by considering a
hybrid device with atoms [109, 110], quantum dots [111],
or nitrogen-vacancy centers [112].

Acknowledgements.—RH and HJ are supported by the
National Science Foundation of China (NSFC, 11474087
and 11774086). FN is supported by the MURI Cen-
ter for Dynamic Magneto-Optics via the Air Force Of-
fice of Scientific Research (AFOSR) (FA9550-14-1-0040),
Army Research Office (ARO) (Grant No.73315PH),
Asian Office of Aerospace Research and Development
(AOARD) (Grant No. FA2386-18-1-4045), Japan Science
and Technology Agency (JST) (the ImPACT program
and CREST Grant No. JPMJCR1676), Japan Society for
the Promotion of Science (JSPS) (JSPS-RFBR Grant
No. 17-52-50023), and the RIKEN-AIST Challenge Re-
search Fund. AM and FN are also supported by a grant
from the John Templeton Foundation. JQL is supported
by the NSFC (11822501 and 11774087).

[1] D. L. Sounas and A. All, “Non-reciprocal photonics
based on time modulation,” Nat. Photonics 11, 774
(2017).

[2] L. Fan, J. Wang, L. T. Varghese, H. Shen, B. Niu,
Y. Xuan, A. M. Weiner, and M. Qi, “An all-silicon
passive optical diode,” Science 335, 447 (2012).

[3] Q.-T. Cao, H. Wang, C.-H. Dong, H. Jing, R.-S. Liu,
X. Chen, L. Ge, Q. Gong, and Y.-F. Xiao, “Experi-
mental demonstration of spontaneous chirality in a non-
linear microresonator,” Phys. Rev. Lett. 118, 033901
(2017).

[4] S. Manipatruni, J. T. Robinson, and M. Lipson, “Opti-
cal nonreciprocity in optomechanical structures,” Phys.
Rev. Lett. 102, 213903 (2009).

[5] Z. Shen, Y.-L. Zhang, Y. Chen, C.-L. Zou, Y.-F. Xiao,
X.-B. Zou, F.-W. Sun, G.-C. Guo, and C.-H. Dong,
“Experimental realization of optomechanically induced
non-reciprocity,” Nat. Photonics 10, 657 (2016).

[6] N. R. Bernier, L. D. Téth, A. Koottandavida, M. A.
Toannou, D. Malz, A. Nunnenkamp, A. K. Feofanov,
and T. J. Kippenberg, “Nonreciprocal reconfigurable
microwave optomechanical circuit,” Nat. Commun. 8,

604 (2017).

[7] D.-W. Wang, H.-T. Zhou, M.-J. Guo, J.-X. Zhang,
J. Evers, and S.-Y. Zhu, “Optical diode made from a
moving photonic crystal,” Phys. Rev. Lett. 110, 093901
(2013).

[8] H. Ramezani, P. K. Jha, Y. Wang, and X. Zhang, “Non-
reciprocal localization of photons,” Phys. Rev. Lett.
120, 043901 (2018).

[9] N. Bender, S. Factor, J. D. Bodyfelt, H. Ramezani,
D. N. Christodoulides, F. M. Ellis, and T. Kottos, “Ob-
servation of asymmetric transport in structures with
active nonlinearities,” Phys. Rev. Lett. 110, 234101
(2013).

[10] B. Peng, S. K. Ozdemir, F. Lei, F. Monifi, M. Gianfreda,
G. L. Long, S. Fan, F. Nori, C. M. Bender, and L. Yang,
“Parity—time-symmetric whispering-gallery microcavi-
ties,” Nat. Phys. 10, 394 (2014).

[11] L. Chang, X. Jiang, S. Hua, C. Yang, J. Wen, L. Jiang,
G. Li, G. Wang, and M. Xiao, “Parity—time symmetry
and variable optical isolation in active—passive-coupled
microresonators,” Nat. Photonics 8, 524 (2014).

[12] B. Liang, X. S. Guo, J. Tu, D. Zhang, and J. C. Cheng,
“An acoustic rectifier,” Nat. Mater. 9, 989 (2010).

[13] B.-I. Popa and S. A. Cummer, “Non-reciprocal and
highly nonlinear active acoustic metamaterials,” Nat.
Commun. 5, 3398 (2014).

[14] S. Kim, X. Xu, J. M. Taylor, and G. Bahl, “Dynami-
cally induced robust phonon transport and chiral cool-
ing in an optomechanical system,” Nat. Commun. 8,
205 (2017).

[15] R. Fleury, D. L. Sounas, C. F. Sieck, M. R. Haberman,
and A. Alu, “Sound isolation and giant linear nonre-
ciprocity in a compact acoustic circulator,” Science 343,
516 (2014).

[16] S. Barzanjeh, M. Wulf, M. Peruzzo, M. Kalaee, P. B. Di-
eterle, O. Painter, and J. M. Fink, “Mechanical on-chip
microwave circulator,” Nat. Commun. 8, 953 (2017).

[17] D. Torrent, O. Poncelet, and J.-C. Batsale, “Nonrecip-
rocal thermal material by spatiotemporal modulation,”
Phys. Rev. Lett. 120, 125501 (2018).

[18] A. Metelmann and A. A. Clerk, “Nonreciprocal photon
transmission and amplification via reservoir engineer-
ing,” Phys. Rev. X 5, 021025 (2015).

[19] F. Lecocq, L. Ranzani, G. A. Peterson, K. Cicak, R. W.
Simmonds, J. D. Teufel, and J. Aumentado, “Non-
reciprocal microwave signal processing with a field-
programmable Josephson amplifier,” Phys. Rev. Ap-
plied 7, 024028 (2017).

[20] A. Kamal and A. Metelmann, “Minimal models for non-
reciprocal amplification using biharmonic drives,” Phys.
Rev. Applied 7, 034031 (2017).

[21] G. A. Peterson, F. Lecocq, K. Cicak, R. W. Simmonds,
J. Aumentado, and J. D. Teufel, “Demonstration of
efficient nonreciprocity in a microwave optomechanical
circuit,” Phys. Rev. X 7, 031001 (2017).

[22] D. Malz, L. D. Té6th, N. R. Bernier, A. K. Fe-
ofanov, T. J. Kippenberg, and A. Nunnenkamp,
“Quantum-limited directional amplifiers with optome-
chanics,” Phys. Rev. Lett. 120, 023601 (2018).

[23] Z. Shen, Y.-L. Zhang, Y. Chen, F.-W. Sun, X.-B. Zou,
G.-C. Guo, C.-L.. Zou, and C.-H. Dong, “Reconfig-
urable optomechanical circulator and directional ampli-
fier,” Nat. Commun. 9, 1797 (2018).


https://doi.org/10.1038/s41566-017-0051-x
https://doi.org/10.1038/s41566-017-0051-x
http://science.sciencemag.org/content/335/6067/447
https://link.aps.org/doi/10.1103/PhysRevLett.118.033901
https://link.aps.org/doi/10.1103/PhysRevLett.118.033901
https://link.aps.org/doi/10.1103/PhysRevLett.102.213903
https://link.aps.org/doi/10.1103/PhysRevLett.102.213903
https://doi.org/10.1038/nphoton.2016.161
https://doi.org/10.1038/s41467-017-00447-1
https://doi.org/10.1038/s41467-017-00447-1
https://link.aps.org/doi/10.1103/PhysRevLett.110.093901
https://link.aps.org/doi/10.1103/PhysRevLett.110.093901
https://link.aps.org/doi/10.1103/PhysRevLett.120.043901
https://link.aps.org/doi/10.1103/PhysRevLett.120.043901
https://link.aps.org/doi/10.1103/PhysRevLett.110.234101
https://link.aps.org/doi/10.1103/PhysRevLett.110.234101
https://doi.org/10.1038/nphys2927
https://doi.org/10.1038/nphoton.2014.133
https://doi.org/10.1038/nmat2881
https://doi.org/10.1038/ncomms4398
https://doi.org/10.1038/ncomms4398
https://doi.org/10.1038/s41467-017-00247-7
https://doi.org/10.1038/s41467-017-00247-7
http://science.sciencemag.org/content/343/6170/516
http://science.sciencemag.org/content/343/6170/516
https://doi.org/10.1038/s41467-017-01304-x
https://link.aps.org/doi/10.1103/PhysRevLett.120.125501
https://link.aps.org/doi/10.1103/PhysRevX.5.021025
http://dx.doi.org/ 10.1103/PhysRevApplied.7.024028
http://dx.doi.org/ 10.1103/PhysRevApplied.7.024028
http://dx.doi.org/10.1103/PhysRevApplied.7.034031
http://dx.doi.org/10.1103/PhysRevApplied.7.034031
http://dx.doi.org/ 10.1103/PhysRevX.7.031001
https://link.aps.org/doi/10.1103/PhysRevLett.120.023601
https://doi.org/10.1038/s41467-018-04187-8

[24] X. Gu, A. F. Kockum, A. Miranowicz, Y.-X. Liu, and
F. Nori, “Microwave photonics with superconducting
quantum circuits,” Phys. Rep. 718-719, 1 (2017).

[25] S. Barzanjeh, M. Aquilina, and A. Xuereb, “Manipu-
lating the flow of thermal noise in quantum devices,”
Phys. Rev. Lett. 120, 060601 (2018).

[26] K. Y. Bliokh, D. Smirnova, and F. Nori, “Quantum
spin Hall effect of light,” Science 348, 1448 (2015).

[27] K. Y. Bliokh and F. Nori, “Transverse and longitudinal
angular momenta of light,” Phys. Rep. 592, 1 (2015),
transverse and longitudinal angular momenta of light.

[28] P. Lodahl, S. Mahmoodian, S. Stobbe, A. Rauschenbeu-
tel, P. Schneeweiss, J. Volz, H. Pichler, and P. Zoller,
“Chiral quantum optics,” Nature (London) 541, 473
(2017).

[29] L. Tian and H. J. Carmichael, “Quantum trajectory
simulations of two-state behavior in an optical cavity
containing one atom,” Phys. Rev. A 46, R6801 (1992).

[30] W. Leoniski and R. Tana$, “Possibility of producing the
one-photon state in a kicked cavity with a nonlinear
Kerr medium,” Phys. Rev. A 49, R20 (1994).

[31] A Miranowicz, W Leoriski, S Dyrting, and R Tanas,
“Quantum state engineering in finite-dimensional
Hilbert space,” Acta Phys. Slov. 46, 451 (1996).

[32] A. Imamoglu, H. Schmidt, G. Woods, and M. Deutsch,
“Strongly interacting photons in a nonlinear cavity,”
Phys. Rev. Lett. 79, 1467 (1997).

[33] K. M. Birnbaum, A. Boca, R. Miller, A. D. Boozer,
T. E. Northup, and H. J. Kimble, “Photon blockade
in an optical cavity with one trapped atom,” Nature
(London) 436, 87 (2005).

[34] A. Faraon, I. Fushman, D. Englund, N. Stoltz,
P. Petroff, and J. Vuckovié, “Coherent generation of
non-classical light on a chip via photon-induced tun-
nelling and blockade,” Nat. Phys. 4, 859 (2008).

[35] A. Reinhard, T. Volz, M. Winger, A.o Badolato, K. J.
Hennessy, E. L. Hu, and A. Imamoglu, “Strongly corre-
lated photons on a chip,” Nat. Photonics 6, 93 (2012).

[36] K. Miiller, A. Rundquist, K. A. Fischer, T. Sarmiento,
K. G. Lagoudakis, Y. A. Kelaita, C. Sdnchez Mufoz,
E. del Valle, F. P. Laussy, and J. Vuckovi¢, “Coher-
ent generation of nonclassical light on chip via detuned
photon blockade,” Phys. Rev. Lett. 114, 233601 (2015).

[37] H. J. Snijders, J. A. Frey, J. Norman, H. Flayac,
V. Savona, A. C. Gossard, J. E. Bowers, M. P. van Ex-
ter, D. Bouwmeester, and W. Loffler, “Observation of
the unconventional photon blockade,” Phys. Rev. Lett.
121, 043601 (2018).

[38] C. Lang, D. Bozyigit, C. Eichler, L. Steffen, J. M. Fink,
A. A. Abdumalikov, M. Baur, S. Filipp, M. P. da Silva,
A. Blais, and A. Wallraff, “Observation of resonant
photon blockade at microwave frequencies using corre-
lation function measurements,” Phys. Rev. Lett. 106,
243601 (2011).

[39] A. J. Hoffman, S. J. Srinivasan, S. Schmidt, L. Spietz,
J. Aumentado, H. E. Tiireci, and A. A. Houck, “Dis-
persive photon blockade in a superconducting circuit,”
Phys. Rev. Lett. 107, 053602 (2011).

[40] C. Vaneph, A. Morvan, G. Aiello, M. Féchant,
M. Aprili, J. Gabelli, and J. Esteve, “Observation of
the unconventional photon blockade in the microwave
domain,” Phys. Rev. Lett. 121, 043602 (2018).

[41] T. Peyronel, O. Firstenberg, Q.-Y. Liang, S. Hoffer-
berth, A. V. Gorshkov, T. Pohl, M. D. Lukin, and

V. Vuletié¢, “Quantum nonlinear optics with single pho-
tons enabled by strongly interacting atoms,” Nature
(London) 488, 57 (2012).

[42] P. Rabl, “Photon blockade effect in optomechanical sys-
tems,” Phys. Rev. Lett. 107, 063601 (2011).

[43] A. Nunnenkamp, K. Bgrkje, and S. M. Girvin, “Single-
photon optomechanics,” Phys. Rev. Lett. 107, 063602
(2011).

[44] J.-Q. Liao and F. Nori, “Photon blockade in quadrat-
ically coupled optomechanical systems,” Phys. Rev. A
88, 023853 (2013).

[45] J.-Q. Liao and C. K. Law, “Correlated two-photon
scattering in cavity optomechanics,” Phys. Rev. A 87,
043809 (2013).

[46] Y.-X. Liu, A. Miranowicz, Y. B. Gao, J. Bajer, C. P.
Sun, and F. Nori, “Qubit-induced phonon blockade as
a signature of quantum behavior in nanomechanical res-
onators,” Phys. Rev. A 82, 032101 (2010).

[47] N. Didier, S. Pugnetti, Y. M. Blanter, and R. Fazio,
“Detecting phonon blockade with photons,” Phys. Rev.
B 84, 54503 (2011).

[48] A. Miranowicz, J. Bajer, N. Lambert, Y.-X. Liu, and
F. Nori, “Tunable multiphonon blockade in coupled
nanomechanical resonators,” Phys. Rev. A 93, 013808
(2016).

[49] X. Wang, A. Miranowicz, H.-R. Li, and F. Nori,
“Method for observing robust and tunable phonon
blockade in a nanomechanical resonator coupled to a
charge qubit,” Phys. Rev. A 93, 063861 (2016).

[50] M. Wang, X.-Y. Lii, A. Miranowicz, T.-S. Yin, Y. Wu,
and F. Nori, “Unconventional phonon blockade via
atom-photon-phonon interaction in hybrid optomechan-
ical systems,” preprint arXiv:1806.03754 (2018).

[51] C. Hamsen, K. N. Tolazzi, T. Wilk, and G. Rempe,
“Two-photon blockade in an atom-driven cavity QED
system,” Phys. Rev. Lett. 118, 133604 (2017).

[62] S. S. Shamailov, A. S. Parkins, M. J. Collett, and H. J.
Carmichael, “Multi-photon blockade and dressing of the
dressed states,” Opt. Commun. 283, 766 (2010).

[63] A. Miranowicz, M. Paprzycka, Y.-X. Liu, J. Bajer, and
F. Nori, “Two-photon and three-photon blockades in
driven nonlinear systems,” Phys. Rev. A 87, 023809
(2013).

[64] A. Miranowicz, J. Bajer, M. Paprzycka, Y.-X. Liu,
A. M. Zagoskin, and F. Nori, “State-dependent pho-
ton blockade via quantum-reservoir engineering,” Phys.
Rev. A 90, 033831 (2014).

[55] H. J. Carmichael, “Breakdown of photon blockade: a
dissipative quantum phase transition in zero dimen-
sions,” Phys. Rev. X 5, 031028 (2015).

[56] C. J. Zhu, Y. P. Yang, and G. S. Agarwal, “Collective
multiphoton blockade in cavity quantum electrodynam-
ics,” Phys. Rev. A 95, 063842 (2017).

[67] W. Leonski, “Fock states in a Kerr medium with para-
metric pumping,” Phys. Rev. A 54, 3369 (1996).

[58] A. Miranowicz, W. Leoniski, and N. Imoto, “Quantum-
optical states in finite-dimensional Hilbert space. I. gen-
eral formalism,” Adv. Chem. Phys. 119(I), 155 (2001).

[69] W. Leonski and A. Miranowicz, “Quantum-optical
states in finite-dimensional Hilbert space. II. state gen-
eration,” Adv. Chem. Phys. 119(I), 195 (2001).

[60] S. E. Harris and Y. Yamamoto, “Photon switching
by quantum interference,” Phys. Rev. Lett. 81, 3611
(1998).


https://doi.org/10.1016/j.physrep.2017.10.002
http://dx.doi.org/ 10.1103/PhysRevLett.120.060601
http://science.sciencemag.org/content/348/6242/1448
http://www.sciencedirect.com/science/article/pii/S0370157315003336
https://doi.org/10.1038/nature21037
https://doi.org/10.1038/nature21037
https://link.aps.org/doi/10.1103/PhysRevA.46.R6801
https://link.aps.org/doi/10.1103/PhysRevA.49.R20
http://www.physics.sk/aps/pubs/1996/aps_1996_46_3_451.pdf
https://link.aps.org/doi/10.1103/PhysRevLett.79.1467
https://doi.org/10.1038/nature03804
https://doi.org/10.1038/nature03804
https://doi.org/10.1038/nphys1078
https://doi.org/10.1038/nphoton.2011.321
https://link.aps.org/doi/10.1103/PhysRevLett.114.233601
http://dx.doi.org/ 10.1103/PhysRevLett.121.043601
http://dx.doi.org/ 10.1103/PhysRevLett.121.043601
https://link.aps.org/doi/10.1103/PhysRevLett.106.243601
https://link.aps.org/doi/10.1103/PhysRevLett.106.243601
https://link.aps.org/doi/10.1103/PhysRevLett.107.053602
http://dx.doi.org/10.1103/PhysRevLett.121.043602
https://doi.org/10.1038/nature11361
https://doi.org/10.1038/nature11361
https://link.aps.org/doi/10.1103/PhysRevLett.107.063601
https://link.aps.org/doi/10.1103/PhysRevLett.107.063602
https://link.aps.org/doi/10.1103/PhysRevLett.107.063602
https://link.aps.org/doi/10.1103/PhysRevA.88.023853
https://link.aps.org/doi/10.1103/PhysRevA.88.023853
http://dx.doi.org/ 10.1103/PhysRevA.87.043809
http://dx.doi.org/ 10.1103/PhysRevA.87.043809
http://dx.doi.org/ 10.1103/PhysRevA.82.032101
http://dx.doi.org/10.1103/PhysRevB.84.054503
http://dx.doi.org/10.1103/PhysRevB.84.054503
http://dx.doi.org/10.1103/PhysRevA.93.013808
http://dx.doi.org/10.1103/PhysRevA.93.013808
http://dx.doi.org/10.1103/PhysRevA.93.063861
https://arxiv.org/abs/1806.03754
https://link.aps.org/doi/10.1103/PhysRevLett.118.133604
http://www.sciencedirect.com/science/article/pii/S0030401809010542
https://link.aps.org/doi/10.1103/PhysRevA.87.023809
https://link.aps.org/doi/10.1103/PhysRevA.87.023809
http://dx.doi.org/10.1103/PhysRevA.90.033831
http://dx.doi.org/10.1103/PhysRevA.90.033831
https://link.aps.org/doi/10.1103/PhysRevX.5.031028
http://dx.doi.org/ 10.1103/PhysRevA.95.063842
https://link.aps.org/doi/10.1103/PhysRevA.54.3369
http://dx.doi.org/10.1002/0471231479.ch3
http://dx.doi.org/10.1002/0471231479.ch4
https://link.aps.org/doi/10.1103/PhysRevLett.81.3611
https://link.aps.org/doi/10.1103/PhysRevLett.81.3611

[61] D. E. Chang, A. S Sgrensen, E. A. Demler, and M. D.
Lukin, “A single-photon transistor using nanoscale sur-
face plasmons,” Nat. Phys. 3, 807 (2007).

[62] A. Kubanek, A. Ourjoumtsev, I. Schuster, M. Koch,
P. W. H. Pinkse, K. Murr, and G. Rempe, “Two-photon
gateway in one-atom cavity quantum electrodynamics,”
Phys. Rev. Lett. 101, 203602 (2008).

[63] D. Fattal, K. Inoue, J. Vuckovié¢, C. Santori, G. S.
Solomon, and Y. Yamamoto, “Entanglement formation
and violation of Bell’s inequality with a semiconduc-
tor single photon source,” Phys. Rev. Lett. 92, 037903
(2004).

[64] I. Buluta and F. Nori, “Quantum simulators,” Science
326, 108 (2009).

[65] I. M. Georgescu, S. Ashhab, and F. Nori, “Quantum
simulation,” Rev. Mod. Phys. 86, 153 (2014).

[66] C. H. Bennett and D. P. DiVincenzo, “Quantum infor-
mation and computation,” Nature (London) 404, 247
(2000).

[67] I. Buluta, S. Ashhab, and F. Nori, “Natural and artifi-
cial atoms for quantum computation,” Rep. Prog. Phys.
74, 104401 (2011).

[68] S. Maayani, R. Dahan, Y. Kligerman, E. Moses, A. U.
Hassan, H. Jing, F. Nori, D. N. Christodoulides, and
T. Carmon, “Flying couplers above spinning resonators
generate irreversible refraction,” Nature (London) 558,
569 (2018).

[69] S. O. Demokritov (editor), Spin Wave Confinement:
Propagating Waves, (CRC Press, Singapore, 2017).

[70] H. Schmidt and A. Imamoglu, “Giant Kerr nonlin-
earities obtained by electromagnetically induced trans-
parency,” Opt. Lett. 21, 1936 (1996).

[71] Y.-P. Wang, G.-Q. Zhang, D. Zhang, T.-F. Li, C.-M.
Hu, and J. Q. You, “Bistability of cavity magnon po-
laritons,” Phys. Rev. Lett. 120, 057202 (2018).

[72] G. B. Malykin, “The Sagnac effect: correct and incor-
rect explanations,” Phys. Usp. 43, 1229 (2000).

[73] See Supplementary Material at http://xxx for de-
tailed derivations of our main results, which includes
Refs. [113, 114].

[74] P. Marin-Palomo, J. N. Kemal, M. Karpov, A. Ko-
rdts, J. Pfeifle, M. H. P. Pfeiffer, P. Trocha, S. Wollf,
V. Brasch, M. H. Anderson, R. Rosenberger, K. Vi-
jayan, W. Freude, T. J. Kippenberg, and C. Koos,
“Microresonator-based solitons for massively parallel
coherent optical communications,” Nature (London)
546, 274 (2017).

[75] A. Majumdar, M. Bajcsy, A. Rundquist, and
J. Vuckovi¢, “Loss-enabled sub-Poissonian light gener-
ation in a bimodal nanocavity,” Phys. Rev. Lett. 108,
183601 (2012).

[76] M. O. Scully and M. S. Zubairy, Quantum Optics,
(Cambridge University Press, Cambridge, England,
1997).

[77] A. Miranowicz, M. Bartkowiak, X. Wang, Y.-X. Liu,
and F. Nori, “Testing nonclassicality in multimode
fields: A unified derivation of classical inequalities,”
Phys. Rev. A 82, 013824 (2010).

[78] X. T. Zou and L. Mandel, “Photon-antibunching and
sub-Poissonian photon statistics,” Phys. Rev. A 41, 475
(1990).

[79] X.-W. Xu, Y.-J. Li, and Y.-X. Liu, “Photon-induced
tunneling in optomechanical systems,” Phys. Rev. A 87,
025803 (2013).

[80] A. Majumdar, M. Bajcsy, and J. Vuckovié¢, “Probing
the ladder of dressed states and nonclassical light gen-
eration in quantum-dot—cavity QED,” Phys. Rev. A 85,
041801 (2012).

[81] A. Rundquist, M. Bajcsy, A. Majumdar, T. Sarmiento,
K. Fischer, K. G. Lagoudakis, S. Buckley, A. Y. Pig-
gott, and J. Vuckovié¢, “Nonclassical higher-order pho-
ton correlations with a quantum dot strongly coupled
to a photonic-crystal nanocavity,” Phys. Rev. A 90,
023846 (2014).

[82] W. Vogel and D. Welsch, Quantum Optics (Wiley-VCH,
Weinheim, 2006).

[83] M. Radulaski, K. A. Fischer, K. G. Lagoudakis, J. L.
Zhang, and J. Vuckovié, “Photon blockade in two-
emitter-cavity systems,” Phys. Rev. A 96, 011801
(2017).

[84] M. B. Plenio and P. L. Knight, “The quantum-jump
approach to dissipative dynamics in quantum optics,”
Rev. Mod. Phys. 70, 101 (1998).

[85] J. R. Johansson, P. D. Nation, and F. Nori, “Qutip:
An open-source Python framework for the dynamics of
open quantum systems,” Comput. Phys. Commun. 183,
1760 (2012).

[86] J. R. Johansson, P. D. Nation, and F. Nori, “Qutip 2:
A Python framework for the dynamics of open quantum
systems,” Comput. Phys. Commun. 184, 1234 (2013).

[87] K. J. Vahala, “Optical microcavities,” Nature (London)
424, 839 (2003).

[88] S. M. Spillane, T. J. Kippenberg, K. J. Vahala, K. W.
Goh, E. Wilcut, and H. J. Kimble, “Ultrahigh-Q
toroidal microresonators for cavity quantum electrody-
namics,” Phys. Rev. A 71, 013817 (2005).

[89] N. G. Pavlov, G. Lihachev, S. Koptyaev, E. Lucas,
M. Karpov, N. M. Kondratiev, I. A. Bilenko, T. J.
Kippenberg, and M. L. Gorodetsky, “Soliton dual
frequency combs in crystalline microresonators,” Opt.
Lett. 42, 514 (2017).

[90] V. Huet, A. Rasoloniaina, P. Guillemé, P. Rochard,
P. Féron, M. Mortier, A. Levenson, K. Bencheikh,
A. Yacomotti, and Y. Dumeige, “Millisecond photon
lifetime in a slow-light microcavity,” Phys. Rev. Lett.
116, 133902 (2016).

[91] J. A. Zieliiska and M. W. Mitchell, “Self-tuning optical
resonator,” Opt. Lett. 42, 5298 (2017).

[92] R. Reimann, M. Doderer, E. Hebestreit, R. Diehl,
M. Frimmer, D. Windey, F. Tebbenjohanns, and
L. Novotny, “GHz rotation of an optically trapped
nanoparticle in vacuum,” Phys. Rev. Lett. 121, 033602
(2018).

[93] J. Ahn, Z. Xu, J. Bang, Y.-H. Deng, T. M. Hoang,
Q. Han, R.-M. Ma, and T. Li, “Optically levitated
nanodumbbell torsion balance and GHz nanomechan-
ical rotor,” Phys. Rev. Lett. 121, 033603 (2018).

[94] D. E. Chang, C. A. Regal, S. B. Papp, D. J. Wil-
son, J. Ye, O. Painter, H. J. Kimble, and P. Zoller,
“Cavity opto-mechanics using an optically levitated
nanosphere,” Proc. Natl. Acad. Sci. U.S.A. 107, 1005
(2010).

[95] P. Z. G. Fonseca, E. B. Aranas, J. Millen, T. S. Mon-
teiro, and P. F. Barker, “Nonlinear dynamics and
strong cavity cooling of levitated nanoparticles,” Phys.
Rev. Lett. 117, 173602 (2016).

[96] T. Higo, H. Man, D. B. Gopman, L. Wu, T. Koretsune,
O. M. J. van’t Erve, Y. P. Kabanov, D. Rees, Y. Li, M.-


https://doi.org/10.1038/nphys708
https://link.aps.org/doi/10.1103/PhysRevLett.101.203602
https://link.aps.org/doi/10.1103/PhysRevLett.92.037903
https://link.aps.org/doi/10.1103/PhysRevLett.92.037903
http://science.sciencemag.org/content/326/5949/108
http://science.sciencemag.org/content/326/5949/108
https://link.aps.org/doi/10.1103/RevModPhys.86.153
https://doi.org/10.1038/35005001
https://doi.org/10.1038/35005001
http://stacks.iop.org/0034-4885/74/i=10/a=104401
http://stacks.iop.org/0034-4885/74/i=10/a=104401
https://doi.org/10.1038/s41586-018-0245-5
https://doi.org/10.1038/s41586-018-0245-5
https://doi.org/10.1364/OL.21.001936
https://link.aps.org/doi/10.1103/PhysRevLett.120.057202
http://stacks.iop.org/1063-7869/43/i=12/a=A03
https://doi.org/10.1038/nature22387
https://doi.org/10.1038/nature22387
http://dx.doi.org/10.1103/PhysRevLett.108.183601
http://dx.doi.org/10.1103/PhysRevLett.108.183601
http://dx.doi.org/ 10.1103/PhysRevA.82.013824
http://link.aps.org/doi/10.1103/PhysRevA.41.475
http://link.aps.org/doi/10.1103/PhysRevA.41.475
http://dx.doi.org/10.1103/PhysRevA.87.025803
http://dx.doi.org/10.1103/PhysRevA.87.025803
https://link.aps.org/doi/10.1103/PhysRevA.85.041801
https://link.aps.org/doi/10.1103/PhysRevA.85.041801
http://dx.doi.org/10.1103/PhysRevA.90.023846
http://dx.doi.org/10.1103/PhysRevA.90.023846
http://dx.doi.org/ 10.1103/PhysRevA.96.011801
http://dx.doi.org/ 10.1103/PhysRevA.96.011801
https://link.aps.org/doi/10.1103/RevModPhys.70.101
http://www.sciencedirect.com/science/article/pii/S0010465512000835
http://www.sciencedirect.com/science/article/pii/S0010465512000835
http://www.sciencedirect.com/science/article/pii/S0010465512003955
https://doi.org/10.1038/nature01939
https://doi.org/10.1038/nature01939
https://link.aps.org/doi/10.1103/PhysRevA.71.013817
https://doi.org/10.1364/OL.42.000514
https://doi.org/10.1364/OL.42.000514
https://link.aps.org/doi/10.1103/PhysRevLett.116.133902
https://link.aps.org/doi/10.1103/PhysRevLett.116.133902
https://doi.org/10.1364/OL.42.005298
http://dx.doi.org/10.1103/PhysRevLett.121.033602
http://dx.doi.org/10.1103/PhysRevLett.121.033602
http://dx.doi.org/10.1103/PhysRevLett.121.033603
https://doi.org/10.1073/pnas.0912969107
https://doi.org/10.1073/pnas.0912969107
http://dx.doi.org/10.1103/PhysRevLett.117.173602
http://dx.doi.org/10.1103/PhysRevLett.117.173602

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

T. Suzuki, S. Patankar, M. Ikhlas, C. L. Chien, R. Arita,
R. D. Shull, J. Orenstein, and S. Nakatsuji, “Large
magneto-optical Kerr effect and imaging of magnetic
octupole domains in an antiferromagnetic metal,” Nat.
Photonics 12, 73 (2018).

X.-Y. Li, W.-M. Zhang, S. Ashhab, Y. Wu, and
F. Nori, “Quantum-criticality-induced strong Kerr non-
linearities in optomechanical systems,” Sci. Rep. 3, 2943
(2013).

M. Bartkowiak, L.-A. Wu, and A. Miranowicz, “Quan-
tum circuits for amplification of Kerr nonlinearity via
quadrature squeezing,” J. Phys. B: At. Mol. Opt. Phys.
47, 145501 (2014).

X.-Y. Li, Y. Wu, J. R. Johansson, H. Jing, J. Zhang,
and F. Nori, “Squeezed optomechanics with phase-
matched amplification and dissipation,” Phys. Rev.
Lett. 114, 093602 (2015).

J. Zhang, Y.-X. Liu, R.-B. Wu, K. Jacobs, and F. Nori,
“Quantum feedback: theory, experiments, and applica-
tions,” Phys. Rep. 679, 1 (2017).

M. Rossi, N. Kralj, S. Zippilli, R. Natali, A. Borrielli,
G. Pandraud, E. Serra, G. Di Giuseppe, and D. Vitali,
“Normal-mode splitting in a weakly coupled optome-
chanical system,” Phys. Rev. Lett. 120, 073601 (2018).
S. Haroche and J.-M. Raimond, Ezploring the Quantum:
Atoms, Cavities, and Photons, (Oxford University, New
York, the United States, 2006).

H. J. Carmichael, R. J. Brecha, and P. R. Rice, “Quan-
tum interference and collapse of the wavefunction in
cavity QED,” Opt. Commun. 82, 73 (1991).

B. Dayan, A. S. Parkins, T. Aoki, E. P. Ostby, K. J.
Vahala, and H. J. Kimble, “A photon turnstile dynam-
ically regulated by one atom,” Science 319, 1062 (2008).
T. Aoki, A. S. Parkins, D. J. Alton, C. A. Regal,
B. Dayan, E. Ostby, K. J. Vahala, and H. J. Kimble,
“Efficient routing of single photons by one atom and

[106]

(107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

a microtoroidal cavity,” Phys. Rev. Lett. 102, 083601
(2009).

I. Shomroni, S. Rosenblum, Y. Lovsky, O. Bechler,
G. Guendelman, and B. Dayan, “All-optical routing
of single photons by a one-atom switch controlled by a
single photon,” Science 345, 903 (2014).

Y.-X. Liu, X.-W. Xu, A. Miranowicz, and F. Nori,
“From blockade to transparency: Controllable pho-
ton transmission through a circuit-QED system,” Phys.
Rev. A 89, 043818 (2014).

S. Rosenblum, O. Bechler, I. Shomroni, Y. Lovsky,
G. Guendelman, and B. Dayan, “Extraction of a single
photon from an optical pulse,” Nat. Photonics 10, 19
(2016).

T. Aoki, B. Dayan, E. Wilcut, W. P. Bowen, A. S.
Parkins, T. J. Kippenberg, K. J. Vahala, and H. J.
Kimble, “Observation of strong coupling between one
atom and a monolithic microresonator,” Nature (Lon-
don) 443, 671 (2006).

C. Junge, D. O’Shea, J. Volz, and A. Rauschenbeutel,
“Strong coupling between single atoms and nontransver-
sal photons,” Phys. Rev. Lett. 110, 213604 (2013).

P. Michler, A. Kiraz, C. Becher, W. V. Schoenfeld, P. M.
Petroff, L. Zhang, E. Hu, and A. Imamoglu, “A quan-
tum dot single-photon turnstile device,” Science 290,
2282 (2000).

A. Faraon, P. E. Barclay, C. Santori, K.-M. C. Fu,
and R. Beausoleil, “Resonant enhancement of the zero-
phonon emission from a colour centre in a diamond cav-
ity,” Nat. Photonics 5, 301 (2011).

G. J. Milburn, “Quantum and classical Liouville dynam-
ics of the anharmonic oscillator,” Phys. Rev. A 33, 674
(1986).

R. J. Glayber, Quantum Theory of Optical Coherence
(Wiley-VCH, Weinheim, 2007).


https://doi.org/10.1038/s41566-017-0086-z
https://doi.org/10.1038/s41566-017-0086-z
https://doi.org/10.1038/srep02943
https://doi.org/10.1038/srep02943
http://stacks.iop.org/0953-4075/47/i=14/a=145501
http://stacks.iop.org/0953-4075/47/i=14/a=145501
https://link.aps.org/doi/10.1103/PhysRevLett.114.093602
https://link.aps.org/doi/10.1103/PhysRevLett.114.093602
http://www.sciencedirect.com/science/article/pii/S0370157317300479
https://link.aps.org/doi/10.1103/PhysRevLett.120.073601
http://www.sciencedirect.com/science/article/abs/pii/003040189190194I
http://science.sciencemag.org/content/319/5866/1062
https://link.aps.org/doi/10.1103/PhysRevLett.102.083601
https://link.aps.org/doi/10.1103/PhysRevLett.102.083601
http://science.sciencemag.org/content/345/6199/903
http://dx.doi.org/10.1103/PhysRevA.89.043818
http://dx.doi.org/10.1103/PhysRevA.89.043818
https://doi.org/10.1038/nphoton.2015.227
https://doi.org/10.1038/nphoton.2015.227
https://doi.org/10.1038/nature05147
https://doi.org/10.1038/nature05147
https://link.aps.org/doi/10.1103/PhysRevLett.110.213604
http://science.sciencemag.org/content/290/5500/2282
http://science.sciencemag.org/content/290/5500/2282
https://doi.org/10.1038/nphoton.2011.52
https://link.aps.org/doi/10.1103/PhysRevA.33.674
https://link.aps.org/doi/10.1103/PhysRevA.33.674

	Nonreciprocal Photon Blockade
	Abstract
	Acknowledgments
	References


