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We propose an all-optical approach to achieve optical nonreciprocity on a chip by quantum squeezing one
of two coupled resonator modes. By parametric pumping a y®-nonlinear resonator unidirectionally with a
classical coherent field, we squeeze the resonator mode in a selective direction due to the phase-matching
condition, and induce a chiral photon interaction between two resonators. Based on this chiral interresonator
coupling, we achieve an all-optical diode and a three-port quasi-circulator. By applying a second squeezed-
vacuum field to the squeezed resonator mode, our nonreciprocal device also works for single-photon pulses. We
obtain an isolation ratio of > 40 dB for the diode and fidelity of > 98% for the quasi-circulator, and insertion
loss of < 1 dB for both. We also show that nonreciprocal transmission of strong light can be switched on and
off by a relative weak pump light. This achievement implies a nonreciprocal optical transistor. Our protocol
opens up a new route to achieve integrable all-optical nonreciprocal devices permitting chip-compatible optical
isolation and nonreciporcal quantum information processing.

Optical nonreciprocal devices, such as optical diodes
and circulators, can separate backscattering signals from a
light source. The conventional magneto-optical approach to
achieve optical nonreciprocity (ONR) is difficult to integrate
on a chip because it requires strong magnetic fields and bulky
materials [1, 2]. Developing a new mechanism for magnetic-
free ONR is of interest in fundamental physics and promises
important applications for on-chip light manipulation. Var-
ious magnetic-free optical nonreciprocal devices have been
theoretically proposed and experimentally demonstrated by
exploiting optical nonlinearities [3—11], spatio-temporal mod-
ulation of the medium [12-14], spin-momentum locking in
chiral quantum optical systems [15-23], directional optome-
chanical coupling [24-26], moving atomic lattices [27-29],
atomic reservoir engineering [30], the Sagnac effect in spin-
ning resonators [31-33], and susceptiblity-momentum lock-
ing in atomic gases [34—40]. Kerr-nonlinear optical nonrecip-
rocal devices are compatible with a chip, but subject to dy-
namic reciprocity [6]. Despite many efforts, it is challenging
to realize a chip-compatible all-optical nonreciprocal device
without moving parts or spatio-temporal modulation. By di-
rectionally amplifying the single-photon interaction in a y®
microring resonator via the mode mean field, one can in-
duce chiral normal mode splitting (NMS) and construct on-
chip optical isolators [41]. Nevertheless, the demanded three-
mode phase matching in one resonator is a significant chal-
lenge [42], and normally leads to an inefficient detuned driv-
ing, resulting in a weak ONR and a large insertion loss [41].

Quantum squeezing of a y® resonator mode can exponen-
tially amplify the interaction between quantum objects. It
could solve various challenging tasks [43-52]. Nevertheless,
it is still an open question how to achieve ONR via quantum
squeezing. Here, we show that high-performance ONR can be
achieved by directionally squeezing the resonator mode with
a coherent laser field. With this chiral quantum squeezing, we

achieve an optical diode, a quasi-circulator and, for the first
time, a nonreciprocal optical transistor. Note that our method
is based on directional quantum squeezing and thus conceptu-
ally differs from Ref. [41]. Our method only needs two-mode
matching in one resonator and thus greatly simplifies its ex-
perimental implementation.
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FIG. 1. Schematic of an all-optical nonreciprocal system consist-
ing of two microring resonators (Rs and Rg) and two nearby opti-
cal waveguides (WGI1 and WG2). To achieve classical light isola-
tion, a coherent pump field is applied to generate a CCW squeez-
ing mode by, in Rg. To achieve single-photon isolation, a broad-
band squeezed-vacuum field is used to drive Rg. (a) A forward-input
signal field excites a CW mode a,, in Ry, which interacts with the
squeezed mode by, with a coupling rate J;. (b) A backward-input
signal field stimulates a CCW mode a, in Ra. It couples to a CW
bare mode b, in Rg with a bare coupling rate J,.

The schematic of our proposed system is depicted in Fig. 1.
It consists of two coupled Whispering-Gallery mode micror-
ing resonators and two nearby optical waveguides. The res-
onators can be made of high-quality thin-film with y‘® non-
linearity, e.g., lithium niobate or aluminum nitride. Thus, the
resonators supports the parametric nonlinear optical process.



The resonator B (Rp) is pumped from port 3 by a continuous
wave coherent laser field with frequency w,, amplitude «,,
and phase 6,. This classical pump generates a squeezing in-
teraction with strength Q, for the counterclockwise (CCW)
mode b,. Because of the directional phase-matching con-
dition in the parametric nonlinear process, the mode b is
squeezed to a mode b;,, but the clockwise (CW) mode b,
is unsqueezed. The resonator A (Rp) slightly differs in size
from Rg, such that the pump field cannot drive the parametric
nonlinear process in the former. In this arrangement, we only
need to consider mode squeezing in Rg.

Now we discuss how the pump laser modulates the inter-
resonator interaction and causes the ONR. In the forward-
input case, a signal field input to port 1 excites the CW mode
a,, in Ra. Because of the pump field, the mode a,, couples to
the squeezed mode by, with a rate J,. The pump also causes
a frequency shift to by, with respect to the bare mode b,,.
In comparison, in the backward-input case, a signal field from
port 2 excites the CCW mode a, in Ry. In this case, the pump
field has no action on the CW mode b,,. This case is equiva-
lent to the unpumped system only consisting of two coupled
resonators. Thus, the mode a, interacts with the bare mode
b,, with a unmodulated coupling rate Jj.

In the frame rotating at frequency w,/2, the Hamiltonian
for the forward-input case reads

Hiw = Ha + Hp + Hj ,
Halh = Asal a,, + iy 2k (ainal e — a;aoemi“’) ,
Hy/li= ALBT b, + Qe b7 + 22,

7’[]/71 = J()(aobU +a, o) ,

6]

where the detunings are AZ/ b= Wy — wWp/2 and Ay, =
Win — Wp/2, Wy is the resonance frequency of Ram, wiy, is
the frequency of the signal mode aj,, and k. is the external
decay rate of Ry. The pump strength Q, is created by driving
amode ¢, of Rg with an external field a,,. It is determined by
the pump laser power P, (see Supplemental Material [53] for
the detailed derivation and relation of Q, and P)).

Applying the Bogoliubov squeezing transformation [43, 44,
56, 57] by = cosh(r,)b + e~ sinh(r,)b" with the squeez-
ing parameter r, = }Tln[(l +B)/(1 -=p)] and B = Qp/Ab,
we can transform the Hamiltonian Hp, to the squeezing
picture. We further apply the rotating-wave approximation
A%+AD \[1 = B2 > sinh(r,)Jj in the squeezing picture and ne-
glect the counter-rotating terms. Then, the Hamiltonian in the
frame rotating at frequency of A;, becomes H_:, /i = Aaal a,+
iV2kext (ainal —al a,)+Asbl by, +J(al by, +bla,), where
Ay = Wq — Wi, A) = A'I’f — Am, Af,’,s = A’[’, 41 -p% and
Js = cosh(rp)Jo. The effective squeezed mode detuning A;
and the effective coupling rate J; are controlled by the pump
field Q, and the corresponding detuning A’;,. When the ratio 8
approaches unity, the rate J, between a , and b, is enhanced
exponentially with respect to the rate Jy [53].

In the squeezing picture, the master equation of the system
without a squeezed-vacuum driving takes the form dpg,/dt =

[ stw] + (-E[L ] + L[Lbs] + £ [Lbs])hWs where Pfw is the
system density matrix, the term L[L,]orw (L[Lpslosw) With
operator L, = +/kea, (Lps = +/kpby,) describes the de-
cay of the mode a, (by,) with a rate «, («;), and L[olp =
20p0" — 0%op — po'o. Here, k, = Kex| + k;, Where ; is the
intrinsic decay rate of Ry. The term £,[L,,]ory describes
the effective thermalization noise of the mode b, resulting
from the classical coherent pump. It is given by £, [Lbé]pfw =
N, L[Lbs]p’rw +Np-£[Lb3]th M L [th]pfw M L’[Lbé]th
where N, = sinh? (rp), M, = O "“r cosh(r,) sinh(r,), and
L'[olp = 20po — oop — poo. This noise can limit the ap-
plication of the system in the quantum regime.

For achieving single-photon isolation, we can apply
a broadband squeezed-vacuum field to cancel the pump-
induced noise associated term £,[Lyslosy [43, 44, 48, 53].
Such broadband squeezed-vacuum field has been realized via
optical parametric amplification [58]. In doing so, the mode
a,, can couple to the squeezed mode b, coherently without
additional noise, just as a simple linear resonator system. The
squeezed mode is equivalently coupled to a normal vacuum
bath and has a decay rate of ;.

For the backward-input case, the Hamiltonian reads
How/li = AaaZaQ + i\/ZKexl(ainal - ajnao) + Agblbu +
Jo(a' b, +b! a.), where A) = w),—wi,. Comparing the Hamil-
tonians H;, and Hy,,, we can see that the intermode detuning
and coupling in these two Hamiltonians can be very different
due to the directional quantum squeezing. The dynamics of
the system is governed by the master equation of two coupling
resonators dpyy/dt = —i[Hyw, pow] + LILalpow + LILplobws
where ppy is the density matrix of the system, L, = +/kqa,,,
and L, = +/kyb,,. Note that in this case the squeezed-vacuum
field has no influence on the dynamics. Thus, we can attain
strong ONR by parametrically pumping the mode b,,.

According to the input-output relation [59], for an input
field a;,, we have agy = ain — V2kex1@ and boy = V2kex2b,
where kx> is the external decay rate of Rg. The transmis-
sions are defined as Tjz/21 = (a aom)/<aT ainy and Tr3 =

<bnu[bout>/<a ain), wWhere Tj; is the transmission from port i
to port j, Wlthl j =1, 2, 3. Numerically solving the mas-
ter equations and using i, = (@in) = V27Pin/hw;i, with the
signal power Pj,, we can obtain the steady-state solutions for
(aomanm)qg and (boutbom)ss, and the steady-state transmissions.

We can also analytically derive the transmissions from the
Langevin equations of motion. To consider the pump-induced
noise, we truncate the Langevin equations to second-order
nonlinear terms of operators and obtain

out

da,/dt = = (iAg + Ka) Ax + \2Kex1Gin
db,/dt = — (if} + k) by
d(alb,)/dt = (iA;,, - Ka,,) alby + \2kenial by — i),
d(bibo/dt = iJ (alb, — a.b}) - 2ubiby + Proice

d(axax)/dt = —2/<aaxax - (iJXaibx - \/2Kex1aina}: + H.c.) R
2

where the pump-induced noise Wpeise = Zsinhz(rp)Kb is

- iijx s

—iJyay,



present in the forward-input case and plays the role of a ther-
mal bath. In the backward-input case, Wpise iS absent. We
have used AY, = A, —A¥, Ky = Ky +&p and E = aa,—bb,. In
the calculations, we need to respectively replace ay, by, J,,
A with a,, by, Js, Aj (a,, b, Jo, Ag) for the forward-
input (backward-input) case [53]. By solving the Langevin
equations and using the input-output relations, we obtain the
steady-state transmissions:

T = (J? + 24]52 +Ay)/Gs + 2Kexlj\/noise”a’inl2 5

4 2 > )
Ty = Uy +200J5 + A0)/Go . Taz = dkexikex2 S/ Go »
where Nyoise = Kp(Ky + Kp) sinhz(r,,)Jf /@, is the number of
noise-related photons, Q, = J?(Ka+Kb)2+KaKb[(Ka+Kb)2+A;h2],
G = J{+ 20 (Kaks = Aally) + (kG + AD(K + AG%), & = Kaky =
2kpkex1 —AaAy, and Ay = [(k, —2Kex1)? +A§](K§ +AZ2) with x =
{s,0}. We define the isolation ratio as n = 101og,(T12/T21).

By applying the squeezed-vacuum field to cancel the noise

Yhoise> the steady-state noise-free transmissions become

T = (42 +A)/Ge, T =Ta, TH=Tn. ®
T7}; is the limitation of T for a classical large input a;, and
also valid for single-photon pulses. Thus, we can achieve
ONR in both the classical and quantum regimes. Below, we
assume A, = A) = A and &, = K, = k.

Next, we will show two different mechanisms to achieve a
strong ONR dependence on the bare mode coupling rate Jj.
When Jj < «, the two resonators originally have no NMS. We
use the pump field to induce the NMS between a,, and by,
namely the NMS scenario. For Jy > « resulting in the NMS
between the bare modes, we use the pump field to significantly
shift the resonance frequency of the mode b,,. We call this
mechanism the mode resonance shift (MRS) scenario. Under
the optimal condition [(Jg + Kiz) - (Kgxl + A% + 2kA)? ~ 0,
we obtain near-zero T,; and thus the maximal isolation ratio

2k Nnoise 4J;
—) 2 (5)
K;

x =~ 1010 l1-0+ —
TTma: 210 [( o in 2
at A = 0 in the NMS scenario, where o ~ 4J%«*/[(J? + k*)* +

K*As*] and K % Kex, OT

2 ; J2i2
Tmax. & lOlOglO (1 " KNno se) 0 ] (6)

linl* ) (JF — )i

at A~ ,|J3 — «? in the MRS scenario [53].

Our system can realize an optical diode with transmission
T1, > T, even with only the classical coherent pump Q,,.
For a weak input signal, e.g. a;,/Vk = 0.6, the transmis-
sion T, can be larger than unity, because of the pump-induced
noise. When aj,/ vk > 3, corresponding to an input including
more than 9 photons within the resonator decay time, the in-
put signal overwhelms the pump-induced noise. In this case,
the transmission 7'}, in the classical regime approximates the
noise-free transmission 775 in the quantum regime. Below, we
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FIG. 2. (a) and (d) Steady-state transmission versus the detuning A.
Dashed curves and open circles are for the analytical and numeri-
cal transmissions T, (blue), 75, (red) and 753 (green), respectively.
Solid curves are for the corresponding analytical transmission of 7.
(b) and (e) Isolation ratio and insertion loss versus r,. (c) and (f) Iso-
lation ratio 5 versus a;, and A (3D surface). Red curves and open
circles are for analytical and numerical results. Black curves are for
the maximal isolation ratio ny.x given by Egs. (5, 6). (a), (b) and (c)
for the NMS scenario (Jy/k = 0.99); (d), (e) and (f) for the MRS
scenario (Jo/k = 2.8). Other parameters are: Key12/k = 0.99; in (a)
and (c) Aﬁ’,/K = 10.3, Q,/k = 10, yielding r, ~ 1.05; in (d) and
® A';,/K = 15, Q,/k = 13, yielding r, ~ 0.66; in (b) A = 0 and
APk = 10sinh(r,); in (e) A/« = 2.62 and A}/« = 30 sinh(r).

focus on the noise-free case, which is a good approximation
of the classical case with a large input signal. In the NMS sce-
nario, we choose Jy = 0.99« for the optimal condition, such
that the transmission 773} vanishes at A = 0. In the forward-
input case, the squeezing interaction enhances the coupling
strength J; to much larger than the system decay rates and
leads to a large NMS, see Fig. 2(a). Therefore, we obtain
T}, =~ 83.1% and T3] ~ 0 at A = 0, corresponding to an iso-
lation ratio *V = 10log,((T7};/T5}) ~ 85.1 dB, insertion loss
LY = —10logo(T}5) ~ 0.80 dB. In the MRS scenario, we
take Jy = 2.8« for example. The transmission spectrum splits
in the backward-input case. In the forward-input case, the res-
onance frequency of the squeezed mode is shifted and thus de-
tuned from the mode a,,. The transmission spectrum is shifted
with respect to the backward-input transmission, see Fig. 2(d).
As aresult, we attain T;% ~ 92.8% and T;Y ~0atA/k =2.62,
corresponding to *¥ ~ 40.3 dB, L% ~ 0.32 dB. The isolation
ratio and the insertion loss improve with r, and reach stable
values when r,, > 0.6, see Figs. 2(b, €). We also study the iso-
lation ratios 7 versus the detuning and the input, see Figs. 2(c,
f). When a;,/ Vk > 1, n already approaches the noise-free
case. In this, the bandwidth for n > 20 dB is about 0.86«
(0.21«) for the NMS (MRS) scenario. In our numerical calcu-
lations, we truncate the Hilbert space of the resonator modes
to high Fock states such that the numerical transmission and
the isolation ratio reach high accuracies. The analytical and
numerical results are in excellent agreement.

Similar to a commercial circulator, our proposed sys-



tem can also function as a quasi-circulator with two inputs
and three outputs, allowing photon flow along the direction
1 - 2 — 3 [60], see Figs. 2(a, d). Here, we focus on
the fidelity and the insertion loss. To evaluate the quasi-
circulator performance, we calculate the average fidelity as
F = Te[TT9"| /Te[T9T79"] [19, 34], where T is the trans-
mission matrix for an ideal three-port quasi-circulator [60],
and T = Tyj/ i, with ; = 3;T;;. We define the average
insertion loss as L = —101og[(T + T»3)/2]. The transmis-
sions T'j» and T»; are the same as the diode. For an input
ain/ Vk > 3, the pump-induced noise is negligible. In the
NMS scenario, we achieve T»3 = 98.0% at A = 0, correspond-
ing to L ~ 0.43 dB. We also obtain a similar performance in
the MRS scenario with T3 =~ 98.0% at A/k = 2.62, corre-
sponding to L ~ 0.20 dB. In both scenarios, we have ¥ ~ 1.

Our system can work as a single-photon quasi-circulator
when the squeezing-vacuum field is applied to cancel the
noise term. We evaluate its performance for a single-photon
wavepacket input to ports 1 and 2 simultaneously by solving
a quantum cascaded system [61-63] (also Supplemental Ma-
terial [53]). We consider a Gaussian-like single-photon pulse
with duration 27 X 6«~'. In comparison with the case with-
out the squeezed-vacuum field, the performance of our quasi-
circulator only slightly decreases. The fidelity is still very
high, # > 98.7%. The insertion loss remains unchanged due
to the large bandwidth in the NMS scenario. In comparison,
it reduces to L ~ 0.26 dB at A/k = 2.62 in the MRS scenario.
Therefore, our diode and quasi-circulator can work in both the
classical and quantum regimes.

When the pump laser with power P, is present, correspond-
ing to “on” (absent, corresponding to “off”’), our device can
switch on and off the transmission of a stronger signal laser
from 777 to T{’g according to Eq. (3), implying an all-optical
nonreciprocal transistor. As the crucial role of electronic tran-
sistor in electric computers, optical transistors are essential for
optical information processing [64—67]. We define the gain of
the transistor as G = Pi,AT/P,, with AT = T8 — T [64].
The gain increases linearly with the signal power. When we
fix the pump strength, e.g. Q,/x = 10, in the NMS scenario,
the gain of the transistor can reach G > 1 (G > 100) when
lainl?/k > 6.1 X 107 (lainl*/k > 6.1 x 10°). In the MRS sce-
nario, we can obtain the same gain G > 1 (G > 100) by tak-
ing Q,/k = 13 and applying a slightly larger pump power
lainl?/k > 9.2 %107 (lainl?/x > 9.2 x 10”). Unlike the forward-
input case, the transmission 75, in the backward-input case is
independent of the pump power and always vanishingly small.
Clearly, our optical transistor is nonreciprocal.

Lithium-niobate-based microring resonators provide an
excellent platform for our proposal, thanks to their large
x? [68-70] and high optical quality factors up to Q ~
107 [71, 72]. Assuming an experimentally available intrinsic
quality factor Q; = 8x10°, the resonance frequency of the sig-
nal field wy/p/2m = 193.4 THz and the pump field frequency
w, = 2w, for the resonators, we obtain the intrinsic loss rate
ki/2m = 24.2 MHz. By choosing an experimentally available
gap [73], we can select feasible values: kexi 2 = 21x2.40 GHz,

10° [2rPyp / hwink]

0 5 0 25 5
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FIG. 3. Gain of the transistor versus detuning A and Pj,. (a) The
NMS scenario with Jy/k = 0.99, AZ/K = 103, Q,/k = 10. (b)
The MRS scenario with Jy/x = 2.8, AZ/K = 15, Q,/«x = 13. Other
parameters are: Kex12/k = 0.99, g/k = 1073

k ~ 2m %X 2.42 GHz and Jy = 0.99« ~ 27 X 2.40 GHz in the
NMS scenario (Jy = 2.8k ~ 271 X 6.78 GHz in the MRS sce-
nario). Hence, the nonreciprocal bandwidth for > 20 dB
can reach 0.86«/2m ~ 2.08 GHz around A = 0 (or 0.21«/27 ~
0.51 GHz around A = 2.62«). The power of a pump field is
given by P, = liw,kQ2 /(165g%k% ) [53], where k, and &7,
are respectively the total and external decay rates of the mode
¢, and g is the nonlinear single-photon coupling strength.
The rate of g/2m = 2.35 MHz is available for Lithium-niobate-
based microresonators [74]. The pump power P, ~ 16.6 mW
(or 28.0 mW) yields to €,/ = 10 (or 13). At the detuning
A/k = 0 (or 2.62), we can induce an optical transistor with
G > 1 for a signal power Pj, = 18.9 mW in the NMS scenario
(or 28.5 mW in the MRS scenario). Because of inevitable im-
perfections in fabrication, it is not easy to precisely meet the
optimal condition and the parameter relationships A, = Ag
and k, = k. A small derivation of these conditions in fabrica-
tion may cause a slight reduction in the performance, particu-
larly the isolation ratio of the nonreciprocal device.

We have proposed a squeezing-based scheme to realize
a chip-compatible magnetic-free ONR, including an optical
diode, a quasi-circulator and a nonreciprocal optical transis-
tor. The optical diode and circulator can work in the classi-
cal regime under a coherent pump and also in the quantum
regime when a squeezed-vacuum field is applied. In partic-
ular, our work proposed the nonreciprocal optical transistor
switching a strong signal with a weak control field. Such un-
conventional transistor cannot be realized in the configuration
of Ref. [41] because a strong signal will cause NMS for the
pump field. Our protocol paves a way for realizing on-chip
all-optical nonreciprocal devices.
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