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We consider an all-optical system consisting of two whispering-gallery-mode microring resonators and two
adjacent optical waveguides. Pumping fields from different directions can simultaneously excite both clockwise
and counterclockwise modes in the two resonators. When the propagation direction of the excited photons aligns
with the propagation direction of the photons excited by two-photon driving, satisfying the phase-matching
conditions, stable nonreciprocal quantum entanglement and one-way Einstein-Podolsky-Rosen (EPR) steering
can be effectively generated. This work demonstrates that quantum correlations can only be prepared when the
system is driven by a pumping field from the unique port, a condition induced by the nonlinearity of the system.
Furthermore, we show that the maximum values of quantum entanglement and one-way EPR steering can be
achieved when the frequency detunings of the two optical modes are opposite, and higher two-photon driving
strength and coupling strength significantly enhance quantum entanglement and one-way EPR steering. Our
study provides a highly manipulable platform, offering promise for one-way quantum computing and quantum

communication based on macroscopic entangled states.
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I. INTRODUCTION

Entanglement, serving as a pivotal resource for quantum
technologies, plays a fundamental role in quantum computing
[1-4], quantum metrology [5,6], and quantum teleportation
[7]. It is distinguished by its remarkable capacity to delve into
potent nonclassical correlations between disparate quantum
systems, even when spatially separated, thus embodying a
distinctive hallmark of quantum physics [8]. When entangle-
ment is shared among distinct components within a composite
quantum system, it imparts crucial quantum resources for a
variety of burgeoning quantum technologies, spanning from
quantum information processing [9,10] to quantum sensing
[11]. Considerable effort has been dedicated to the generation
and control of entanglement [12-16], leading to the pro-
gression of quantum-enabled devices beyond their classical
counterparts [17]. The concept of Einstein-Podolsky-Rosen
(EPR) steering, which represents a refined subset of entan-
glement, was originally acknowledged by Schrodinger in [18]
and subsequently established on a rigorous mathematical ba-
sis in Refs. [19,20]. Importantly, in contrast to entanglement
and Bell nonlocality [21], the defining characteristic of EPR
steering inherently exhibits an asymmetry between two ob-
servers [19,22]. Within a bipartite scenario, it encompasses
nonclassical correlations where one party can discern the state
held by the distant counterpart through local measurements
performed on their portion of the entangled state. To date,
despite the persistently enigmatic nature of entanglement and
EPR steering, they have been meticulously prepared, skill-
fully manipulated, and extensively utilized across a wide
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range of physical platforms, spanning from theoretical ex-
plorations [23-34] to experimental implementations [35—41].
The distinctive characteristic of EPR steering renders it highly
significant for a multitude of quantum information protocols
which depend on entanglement, offering additional security
[42], such as semisided device-independent quantum key
distribution [43-45], quantum secret sharing [35,46], one-
way quantum computing [47], and subchannel discrimination
[48]. EPR steering has been successfully achieved in var-
ious systems, including optomechanical systems [49-51],
antiferromagnetic systems [35,52], cavity magnonic systems
[53,54], and so on.

In recent years, all-optical systems have garnered
widespread attention due to their unique advantages [55]
and have been applied to various applications in quan-
tum information processing, such as optical nonreciprocity
[56], nonreciprocal photon blockade [57], and entangle-
ment swapping [58]. This opens up broader prospects for
applications in integrated photonics, photonic chips, and
micro- and nano-optics. Among all-optical configurations,
whispering-gallery-mode microring resonators possess sev-
eral advantages, including a high-quality factor, low mode
volume, and high optical density [59-61]. These character-
istics make them highly attractive for studying light-matter
interactions. They have emerged as versatile platforms for
quantum physics research [56,57,62], offering a multitude
of opportunities and remarkable achievements. These high-
quality optical microring resonators, characterized by their
weakly confined circulating modes, provide unique func-
tionalities in a wide range of scientific and technological
applications.

Motivated by the implications of these studies, in this paper
we investigate the nonreciprocal quantum entanglement and
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one-way EPR steering in an all-optical system consisting of
two coupled whispering-gallery-mode microring resonators
R4 and Rp and two nearby optical waveguides. When the
pumping field is input to R, in the forward case, we find
that the counterclockwise mode b generated in Rp satisfies
the phase-matching condition with the two counterclockwise
photons generated by the two-photon driving, resulting in
the squeezing of the counterclockwise mode b in Rp, and
thus the quantum correlations can be achieved. However,
since the clockwise mode by generated in Rz pumped in the
backward case does not satisfy the phase-matching condition,
the quantum correlations cannot be achieved. Therefore, we
can only achieve quantum entanglement between a unique
pair of optical modes, induced solely by the pumping field
input from the forward case and two-photon driving, thus
achieving perfect nonreciprocal quantum entanglement in the
system. Moreover, the opposite frequency detunings, lower
decay rates, and higher coupling strength between two opti-
cal modes significantly enhance both quantum entanglement
and one-way EPR steering. Furthermore, the directionality of
one-way EPR steering depends on the decay rates between
two optical modes, where the mode with a lower decay rate
is more likely to steer the other; in other words, the mode
with a larger particle population is more easily steered by
the other. Our work provides a promising platform for gen-
erating and controlling quantum entanglement and one-way
EPR steering.

The paper is organized as follows. In Sec. II we introduce
the physical model of the all-optical nonreciprocal system and
derive the dynamics and the covariance matrix of this system.
In Sec. III the generation and manipulation of nonreciprocal
entanglement and one-way EPR steering between two optical
modes are explicitly investigated. A summary is given in
Sec. IV.

II. MODEL AND EQUATION OF MOTION

The schematic of the proposed system is depicted in Fig. 1,
which consists of two coupled whispering-gallery-mode mi-
croring resonators and two adjacent optical waveguides. The
resonator R4 undergoes continuous pumping field with fre-
quency oy simultaneously from port 1 and port 2. The
pumping field input from port 1 (forward-input case) excites
the clockwise mode a¢, in R4 and the counterclockwise mode
b in Rp. In the meantime, another pumping field input from
port 2 (backward-input case) excites the counterclockwise
mode acy in R4 and the clockwise mode b, in Rg. Addi-
tionally, resonator Rp is subjected to a continuous two-photon
driving field from port 3 with frequency 2w, and amplitude
5. This two-photon driving induces counterclockwise two-
photon propagation in Rg. Due to phase-matching conditions
in the parametric nonlinear process, the two-photon driving
field squeezes the counterclockwise mode by excited by port
1, while the clockwise mode b, excited by port 2 remains
unsqueezed, which is equivalent to the absence of nonlinear
pumping in the entire system. The R4 slightly differs in size
from Rp such that the two-photon driving cannot drive the
parametric nonlinear process in the Ry; thus we only need to
focus on the mode squeezing in Rp.

Port2  Portl.
Two-photon Two-photon
driving driving )
Port3 4 Port4  Port3 A/A/A/A Port 4

20, YV VY 20y

FIG. 1. Schematic of an all-optical nonreciprocal system com-
prising two microring resonators R4 and R and two adjacent optical
waveguides. (a) A forward-input pumping field creates a clockwise
mode a¢, in R4 and a counterclockwise mode b5 in Rg, which satisty
the phase-matching condition with the two counterclockwise photons
generated by the two-photon driving. (b) A backward-input pumping
field creates a counterclockwise mode a in Ry and a clockwise
mode b, in Rg, which do not satisfy the phase-matching condition
with the two counterclockwise photons generated by the two-photon
driving.

For the forward-input case, the Hamiltonian of the system
is written as (& = 1)

wa = Hsys + Hdl‘iv (1)
with

Hyyo = a)aagao + a)bbgbo + J(agbo + aobg),
Hyi = Qual e +He.) + Qp(b2e 2 + He.). (2)

Here ag and bg (ary and by) are the creation (annihilation)
operators of the R4 with frequency w, and the Rp with fre-
quency wy, respectively, satisfying the standard commutation
relations for bosons. The parameter J denotes the coher-
ent coupling rate between two optical modes. Here 2, =
2k,P,]wy is the driving strength of the conventional signal
with the input laser power P,. Similarly, Q, = /k;Py/wy is
the driving strength of the two-photon driving, where P, is
the input laser power and «, () is the fiber-resonator coupling
rate, i.e., decay rate of optical mode. In contrast, for the
pumping field in the backward-input case for R4, the Hamilto-
nian reads Hyy, = waagao + a)bbTObO + J(agbo + aobg) +
Qa(age”""” + H.c.). Similarly, a(g and bTO (ac and b)) are
the creation (annihilation) operators of R4 for pumping in
the the case of backward input. Comparing the Hamiltonians
Hy, and Hyy, we can observe that the primary distinc-
tion lies in the presence of the two-photon driving term.
In other words, when the pumping field is input from the
back, because the phase-matching condition is not satisfied,
the two-photon driving has no effect in the whole system,
ie., 2, =0.

For convenience, we switch to the rotating frame with
respect to the driving frequency wy, and by introducing input
noises and dissipations of the system, the quantum Langevin
equations (forward-input case) for the operators in the system
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are given by
e, = =i + Ka)ar, — iTbes — i + /26",
b = —(iAp + kp)be — iJac, — 2iubls + /2icb™  (3)

and the quantum Langevin equations (backward-input case)
for two operators are given by

aey = —(iAg + ka)ac — iJbe, — Q4 + +/2k.a™,
bey = —(iAp + kp)bey — iJac + +/2k,b™,

where A, ) = w, ) — @i 1 the frequency detuning of R4 (g).
The input noise operators a™ and o™ are zero mean and are
characterized by the correlation functions

“4)

@ (@)a" (")) = n,d(t — 1),

(@"()a™ (1)) = (ng + D8 — 1),

B (")) = npd(t — 1), (5)
BB (A)) = (ny+ DSt — 1),

where n, (5 = ("«®/%T — 1)1 are the mean thermal exci-
tation numbers in the environmental temperature 7', with kg
the Boltzmann constant.

To quantify quantum entanglement and EPR steering be-
tween two optical modes, we introduce two sets of quadrature
components X™ and Y™, and Xb(m) and Yb(m), which are
defined as

. . . i)t
X(in) _ a{m + aimt im) _ atim) _ ,(in)
“ V2 “ iv2
pin) _ p(in)t

m _ BBy

b V2 b iv2

The above calculations of quadrature components are appli-
cable to any of the four types of photon circulation modes

(i.e., apy, ap, bry, and by) we mentioned. Then the quantum
Langevin equations can be written in the compact matrix form

o(t)=Aa(t) +o(t), (7)
with o =[Xy, Y, Xp, V17 and 0=

(V2K X, 26X, V266X, 26Y," 1T the  vectors  of
quantum operators and noises, respectively. The drift matrix
A reads

(6)

—Ky Ag 0 J
—A, kg —J 0

A=1 o J —Kp A, =29 | ®)
—J 0 —A,—2Q —Ky

Due to the linearity of the Langevin equations and the
Gaussian nature of the quantum noises, the system will
decay to a stationary Gaussian state, which can be com-
pletely characterized by a 4 x 4 covariance matrix (CM) V
in the phase space V;; = (0i(t)o;(t") + o;(t")oi(t)) /2 (i, j =
1,2, 3, 4). The steady-state CM )V can be obtained straightfor-
wardly by solving the Lyapunov equation, with D;;6(t —t') =
(0i(t)o;(t") + o;(t")oi(t)) /2.

For the continuous-variable two-mode Gaussian state, a
computable criterion of EPR steering based on quantum

coherent information has been introduced [22]. For quan-
tum entanglement, it is convenient to use the logarithmic
negativity Ey to quantify its level [63]. Note that all the above-
mentioned measures can be computed from the 4 x 4 CM for

two optical modes
Vi W
V= Vi w) ®

where Vi, V,, and V5 are 2 x 2 subblock matrices of V. The
definition of logarithmic negativity Ey is expressed as

Ey = max[0, — In(2v)], (10)

where v =,/ — (E2—4R)12/V2 and £ =R+ R, —
2R3. with Ry = detVy, R, =detV,, Rz =det Vs, and R =
det V symplectic invariants. Moreover, the quantification of
EPR steering has been introduced for arbitrary two-mode
Gaussian states of a continuous-variable system [25]. The
quantum steerabilities of Gaussian modes a — b and b — a
are quantified as [26]

1. R
G,.p = max |:O, —1In —1j|

2 4R
1. R
Gy = max [0, 5 Hd (11)

respectively. If G, > Gy (Gp—u < Gu—p), it suggests that
optical mode a (b) can steer optical mode b (a) through
Gaussian measurements, and this value measures the extent
of EPR steering. In other words, a higher-G value indicates
stronger Gaussian steerability. To better explain the direc-
tionality of the one-way EPR steering between two optical
modes, we introduce the mode populations, i.e., the final mean
photon numbers, which can be obtained from the relation
Py = 5((6X2 ) + (Y7 ,) — D).

III. RESULTS AND DISCUSSION

In this section we numerically simulate the behavior of
the quantum entanglement and EPR steering in the parameter
space by employing Ey and G,.; (Gp—,). All the results
are obtained in the steady state, which is guaranteed by the
negative eigenvalues (real parts) of the drift matrix 4. We
investigate the dependence of Ey on the parameter A, for
the forward-input case and backward-input case as shown
in Fig. 2. Here we choose identical resonant frequencies
Wy /27w = wp/2w = 193.4 THz and damping rates k,/2mw =
kp/2m =5 MHz and we set the environmental temperature
T =20 mK in all the following discussion. From Fig. 2 we
can observe intuitively that when the coupling strength be-
tween two optical modes is J/2x = 15 MHz, for the case
where the pumping field is input from the front (2,/27w =
11.5 MHz), the quantum entanglement Ey; between modes
ar, and b can be effectively prepared. The Ey; (blue
solid line) increases with the frequency detuning A,/27 and
reaches its maximum value Ey; =~ 0.22 when the frequency
detuning A,/2m is roughly 115 MHz. Afterward, the Ey,
gradually decreases with the increase of frequency detuning
A,. In contrast, for the case where the pumping field is input
from the back (€2, = 0), the Ey, between modes ac and by,
keeps a constant zero value, which means that there is no
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FIG. 2. Quantum entanglement Ey as a function of frequency
detuning A, for the cases of pumping field only input from the front
(2p/27 = 11.5 MHz) and only input from the back (€2, = 0) with
different coupling strengths J. The other parameters are «,/2m =
kp/2m =5MHz, A, /2r = —115 MHz, and T = 20 mK.

quantum entanglement Ey, even if the frequency detuning
increases (black dashed line).

Similarly, when we introduce a stronger coherent coupling
rate J/2m = 35 MHz, the evolution of quantum entanglement
is exactly the same for the case of a coherent coupling rate
J/2m = 15 MHz for two input cases. The quantum entan-
glement Ey; exhibits a similar trend, increasing and then
decreasing with the increase of frequency detuning A,; the
difference is that the maximum entanglement at A,/2w =
115 MHz reaches 0.5 (red dash-dotted line). However, for the
case of input from the back (£2;, = 0), we still cannot achieve
quantum entanglement Ey, between two optical modes (green
solid line). Therefore, we conclude that the existence of the
two-photon driving term is necessary to generate quantum
entanglement. In other words, in our designed system model,
pumping driving from two ports simultaneously excite two
pairs of tunneling-coupled photon circulation modes, but only
the b mode excited from port 1 satisfies the phase-matching
condition with the photon circulation excited by the two-
photon driving. Therefore, even with continuous pumping
input from port 2, we can only ever produce quantum en-
tanglement Ey; between a., and b excited by port 1, thus
achieving nonreciprocal quantum entanglement. Additionally,
for the case of input from port 1, a higher coupling rate J
significantly enhances the quantum entanglement. However,
for the case of input from the back, we are unable to obtain
quantum entanglement because there is no two-photon driving
term Qb(bg2 + bé) in the system, i.e., 2, = 0. The validity of
this nonlinear term can only be ensured by the pumping field
input from the front near Ry4.

According to the analysis of the quantum entanglement in
Fig. 2, we draw the conclusion that the only nonreciprocal
quantum entanglement obtained in this scheme can be pre-
pared only when the pumping field is input from port 1 and

the two-photon driving is input from port 3. Therefore, we
only focus on the case where the pumping field is input from
the forward end to R4. We plot Fig. 3 to further illustrate
the evolution of quantum entanglement between two optical
modes with respect to several parameters such as frequency
detunings, coupling strength, driving strength, and decay rates
for the forward-input case. In Fig. 3(a) it is quite evident that
the quantum entanglement can be achieved under a very broad
range of frequency detuning parameter conditions. The quan-
tum entanglement is particularly obvious when the frequency
detunings of the two optical modes are opposite (A, = —Ap).
The maximum entanglement occurs at A, /2w = —A, /2w ~
115 MHz, which corresponds precisely to the results shown
in Fig. 2. Considering these optimal frequency detunings,
we further investigate the impact of coupling strength J and
two-photon driving strength €2, on entanglement, as shown
in Fig. 3(b). The results clearly demonstrate that both the
higher coupling strength and the two-photon driving strength
contribute to enhance quantum entanglement. Conversely, as
depicted in Fig. 3(c), when the decay rates of two optical
modes are lower, the higher degree of quantum entanglement
can be achieved.

In order to study the nonreciprocal quantum entanglement
in more detail, it is essential to elucidate the mechanism be-
hind the implementation using two-photon driving. For this
purpose, we proceed via the rotated Hamiltonian in the case
of forward input

H;o =Aaa§>ao + Abbgbo + J(agbo + aObB) (12)
+ Qulal, +av) + QOF + ),

whereafter we diagonalize the Hamiltonian by introducing
Bogoliubov modes

B = ST (r)bsS(r) = bis cosh r + bl sinh 7,
(13)
BY = ST(r)blsS(r) = bl coshr + b sinhr,

where |tanh 2r| = |2Q,/As| and r = n[(1 4+ B)/(1 — B)]
is the coefficient of compressibility. This also satisfies the
bosonic commutation relation [, 87] = 1. The effective
Hamiltonian of the system can be rewritten as

Her = Agalyae, + ApB B+ T4 (Blae, + Ba')

| ) 14)
+J-(B'al, + Pap) + Qulal, +av), |

where Ag = VA2 —4Q3, J, = Jcoshr, and J_ = Jsinhr.
In other words, in the presence of the two-photon driving term,
we can achieve adjustable frequency detuning and coupling
strength. The forward input of the pumping field satisfies
the phase-matching condition, thus ensuring the validity of
the nonlinear driving. According to the Hamiltonian given
by the Eq. (14), the parametric-type interaction term S "'ag +
Bae, is essential for implementing quantum entanglement. It
is worth noting that the particularly obvious quantum entan-
glement between two optical modes can be achieved when
the optimal detuning of the two optical modes satisfies A, =
—Apg, which is in excellent agreement with Fig. 3(a). Mean-
while, the state-swap interaction between two optical modes
is also enhanced because of J cosh r > J for r > 0. Thus, the
quantum entanglement between two optical modes arises from
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FIG. 3. Density plot of quantum entanglement Ey as a function of (a) frequency detunings A, and A,, (b) coupling strength J and driving
strength €2,, and (c) decay rates «, and «;, with (a) and (¢) J/27w = 35 MHz and 2,/27 = 11.5 MHz and (b) and (c) A,/2w = 115 MHz. The

other parameters are the same as those in Fig. 2.

the parametric-type interaction induced by the two-photon
driving term Ql,(bTO2 + bé). In contrast, for the pumping field
in the backward-input case for R4, the two-photon driving has
no effect on the clockwise mode b. Therefore, in this case, due
to the absence of a nonlinear driving term, there is no quantum
entanglement Ey, between two optical modes, as shown by
the green dashed line and black solid line in Fig. 2.

Now we turn to analyze the generation and manipulation
of one-way EPR steering. We note that the EPR steerings
Gu—p and Gy, 4, as a strict subset of quantum entanglement,
can also be obtained in the system and are depicted as a
function of «, and k; in Figs. 4(a) and 4(b), respectively.
We can find that the EPR steering G, ., can be obtained
when the relation of the decay rates is k, > k,; however,
as for G,_,, it can be obtained in the region of «, > «p.
More specifically, the EPR steerings G,,, and G,,_,, appear in
the regions where the decay rates are asymmetrical; further,

(@11 0.12 (b)11 0.12
9
9
& 0.08 0.08
[\l [a\] 7
> —
£ 7 "y
0.04 ~ 0.04
5
0 3 —— 0
4 6 8 10 5 7 9 11
(©0.6 Kq /2T 02 (@)1 Fia /27
\_\\\\\ EA\, 0.8 \‘BJ
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_ A e 0.6/ \'
LI? ‘\ 0.1 QJ)D:\ N
02 W 04 N
| 0.2 R T
0 ___________ 0 0 L
0.5 1 1.5 2 0.5 1 1.3 2
Hb//":a ﬁb//{a

FIG. 4. Quantum steering (a) G, ., and (b) G,_., as a function of
Kk, and k. (¢) Quantum entanglement Ey, steering G, ,, and steering
Gy and (d) populations of two modes P, and P, versus k,/k, with
kq/2m =5 MHz. The other parameters are the same as those in
Fig. 3(c).

the mode with lower decay rate is more difficult to steer
by the other mode. Consequently, the desired one-way EPR
steering can be achieved by adjusting the decay rates of the
two optical modes. Figure 4(c) shows the effects of «; on
quantum entanglement and one-way EPR steering for a fixed
k4. One can observe that the quantum entanglement decreases
as kp increases, which corresponds exactly to the result in
Fig. 3(c), namely, on the premise of ensuring the stability of
the system, when the decay rate of the system is lower, there
is less energy loss, resulting in a greater degree of quantum
entanglement. As for one-way EPR steering, when the decay
rates of two optical modes are roughly equal, i.e., kp/k, = 1,
there is no one-way steering G, ., and G, ., in the system.
In contrast, when the decay rates between two optical modes
satisfy «,/k, < 1, the achievement of one-way EPR steering
Gy 1s enabled; conversely, when the decay rates between
two optical modes satisfy «;/k, > 1, one-way EPR steering
Gu—p 1s allowed. These observations align with the results
presented in Figs. 4(a) and 4(b). It is evident that when the
decay rates are nearly identical (k, = ), the two optical
modes have nearly equal particle populations, resulting in the
absence of one-way EPR steering between two optical modes,
as illustrated in Figs. 4(c) and 4(d). The result comes from the
fact that the mode with larger population is more difficult to
steer by the other mode.

We further investigate the one-way EPR steering G, ., as a
function of frequency detunings A, and A, coupling strength
J, and driving strength €2, in Figs. 5(a) and 5(b). Under the
current parameter conditions, one-way EPR steering G,_.,
does not exist, so we do not presented it here. We can see
that the one-way EPR steering as a strict subset of quantum
entanglement has similar properties to quantum entangle-
ment. The one-way EPR steering G,_,;, which is the same as
the quantum entanglement, can be obtained in large quanti-
ties when A, = — A, and reaches its maximum value when
Ay/2w = —Ap/2mw ~ 115 MHz. On the other hand, it can
also achieve larger values with the greater coupling strength
J and the two-photon driving strength €2;. In the following,
we plot the quantum entanglement Ey and one-way EPR
steerings G, ., and G,,_,, as functions of A,/A, in Fig. 5(c).
It can be observed that quantum entanglement initially in-

creases as A,/A, rises, reaching its peak at A, = —A, and
subsequently decreasing for larger values of A,/A,. This
implies that once beyond the optimal value of A, = —A,,
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FIG. 5. Quantum steering G,_,, as a function of (a) detunings
A, and A, and (b) coupling strength J and driving strength €2,.
(c) Quantum entanglement Ey and one-way steering (G,_, and
Gpr—.) and (d) populations of two optical modes P, and P, as a
function of A,/A,. In all panels «,/2m = 2k,/2wr =5 MHz; the
other parameters are the same as those in Fig. 3(c).

the continuous enhancement of A,/ A, has a destructive effect
on the quantum entanglement. For the one-way EPR steering
Ga—p» it has a very similar evolution behavior to quantum
entanglement; specifically, G, is more perfectly prepared
only if the frequency detunings are very close to A, = —A,
[see Fig. 5(a)], but the limits of entanglement are relatively
broad. In addition, since the current parameter is set k, < kp,
the one-way EPR steering G, does not exist in the system,
which corresponds exactly to the results of Fig. 4(c). In the
same way, the populations of two optical modes P, and P, as
a function of the ratio A,/A, are shown in Fig. 5(d), which
also confirms that the mode with larger population is more
difficult to steer by the other mode.

IV. CONCLUSION

We have proposed an advanced all-optical scheme consist-
ing of a system of multile ports and dual-microring resonators
to investigate the intriguing nonreciprocity of quantum entan-

glement and accomplish the precise preparation of one-way
EPR steering. In this scheme, the counterclockwise mode
by excited at port 1 aligns perfectly with the propagation
direction of photons injected by the two-photon driving from
port 3, thus facilitating a nonlinear parametric amplification
process within the system. Remarkably, under the optimal
conditions, the quantum entanglement is effectively prepared
when the opposite frequency detunings are exhibited by two
optical modes. Within this operational regime, a remarkably
wide parameter space reveals the existence of a distinct region
characterized by one-way EPR steering, firmly establishing
the ability to exert full control over the quantum entanglement
and EPR steering between two optical modes. Notably, the
directionality of EPR steering can be fine-tuned by manipulat-
ing the dissipation rates of two optical modes, as evidenced by
the striking correspondence between higher mode populations
and enhanced degree of EPR steering.

However, when the pumping field is injected only from
port 2 into Ry, the propagation directions of photons are
completely opposite to that of the counterclockwise mode
b excited by port 3. Therefore, according to the directional
phase-matching condition, the system exhibits an equivalent
behavior to a dual-mode optical system without nonlinear
pumping. At this point, we can never achieve quantum en-
tanglement Ey, coming from port 2 and port 3. However, due
to the continuous input of the pump field at port 1, the sys-
tem only produces quantum entanglement Ey; coming from
port 1 and port 3, thereby achieving nonreciprocal quantum
entanglement in the system. Importantly, since the resonant
frequencies of two whispering-gallery-mode microring res-
onators are in the optical frequency range, both quantum
entanglement and one-way EPR steering in our scheme can
be fully prepared at room temperature (7 =~ 300 K) and
remain robust even when affected by increasing external en-
vironmental temperatures, which is highly advantageous for
experimental implementations. With its inherent potential, our
proposal not only offers a promising avenue for the coher-
ent manipulation of quantum entanglement and the precise
preparation of one-way EPR steering, but also holds profound
implications for the development of macroscopic chiral quan-
tum information.
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