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Quantum nonreciprocity based on electromagnetically induced transparency
in chiral quantum-optical systems
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On-chip single-photon nonreciprocal devices with high isolation and low insertion loss become a key element
in quantum information processing. Based on electromagnetically induced transparency in chiral quantum
systems, a single-photon isolator and a single-photon circulator are obtained without requiring unbalanced
coupling. These devices have high isolation and low insertion loss. Moreover, their bandwidths are significantly
broadened with the assistance of electromagnetically induced transparency.

DOI: 10.1103/PhysRevA.103.063706

I. INTRODUCTION

Optical nonreciprocal devices, such as isolators and cir-
culators which protect sources from being affected by the
reflected light or direct light into the desired directions [1,2],
play important roles in optical quantum communications and
optical information processing. Early nonreciprocal photonic
devices based on magneto-optical effects are unable to be
miniaturized and integrated due to the bulky magnets [3,4].
Various schemes in nonmagnetic systems have been pro-
posed to realize optical nonreciprocal components such as
in nonlinear optical materials [5,6], parity-time optical cou-
pled systems [7,8], asymmetric cavities [9], dynamic photonic
structures [10—13], optomechanical systems [14-23], and cold
or hot atomic ensembles [24-32].

As an exciting development, chiral quantum systems have
shown unique advantages in the realization of on-chip single-
photon nonreciprocal components, where the nonreciprocity
depends on the spin of the emitter [33—37]. Moreover, due to
the fact that the chiral quantum systems can be operated at
the level of single emitters, these single-photon nonrecipro-
cal components can be prepared in a coherent superposition
of the operational states of the single emitters and thus
are compatible with the photon-emitter entanglement, which
plays an important role in quantum information process-
ing [33]. In such systems, the single-photon isolators and
circulators are theoretically proposed [34,35,38] and experi-
mentally implemented [36,37]. However, these single-photon
devices [34-38] require highly unbalanced coupling.

Electromagnetically induced transparency (EIT) is a laser-
induced quantum interference effect that makes a resonant
opaque medium highly transparent. The EIT effect has many
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important applications in manipulating quantum information
with single photons, for example, to achieve quantum re-
versible mapping [39—41], quantum logic gates [42,43], and
quantum entangled states [44,45]. Here, we propose a scheme
for single-photon optical nonreciprocity based on EIT in chi-
ral quantum optical systems. Taking advantage of the EIT
effect, a single-photon optical isolator and a single-photon
optical circulator can be realized with high isolation and low
insertion loss. Compared with the previous works in chiral
quantum systems with highly unbalanced coupling [34-38],
the proposed scheme here has two significant disadvantages:
(1) optical nonreciprocity can be realized without unbalanced
coupling; therefore, careful selection of special atomic energy
levels with large transition difference is not necessary; and (ii)
the bandwidths of the single-photon isolator and circulator are
broadened by EIT.

II. THE MODEL SYSTEM

To begin with, we consider a single emitter coupled to
chiral structures to realize optical nonreciprocity. The emitter
has two degenerate transitions with different spin-polarized
states o+ and dipole moments w4. Due to the transversely
strong confinement for guided light, the polarization of
light is spin-momentum locking in the chiral systems; i.e.,
the light polarization depends on the propagation direction
of light. Thus, we can assume that the right-propagating
(left-propagating) light is perfectly right-hand circular o
(left-hand circular o_) polarized, which only drives the o
(0-) spin-polarized transition of the emitter. As in the previ-
ous works on optical nonreciprocity in chiral systems [34-37],
if wy/pm— > 1, ie., there is highly unbalanced coupling, op-
tical nonreciprocity can be obtained at both sides near the
resonant frequency. However, if @4 /— is not large enough,
particularly when p /pu_ ~ 1, the desired nonreciprocity dis-
appears. Different from, though also inspired by, those works
based on highly unbalanced coupling [34-37], we utilize
a driving field to control one of the degenerate transitions

©2021 American Physical Society
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FIG. 1. (a) Energy level structure of the single emitter.

(b) Schematic of the single-photon isolator. (c) Schematic of the
single-photon circulator.

via EIT effect. In this way, high-performance single-photon
nonreciprocity can be realized even without requiring unbal-
anced coupling.

In this paper, a single-photon isolator and a single-photon
circulator can be realized with the single emitter coupled
to a single-mode waveguide and a whispering gallery mode
(WGM) resonator, respectively. The energy level structure
of the single emitter is presented in Fig. 1(a). |g) denotes
the ground state of the emitter with the energy w,. |i) (i =
+, —, e) represents the excited state of the emitter with the en-
ergy w; and the decay rate y;, where w, = w_. The transition
from the ground state |g) to the degenerate state |+) with the
dipole moment x4 is only coupled to o4-polarized photons
with the detuning A = w1 — w, — w, where w represents the
frequency of the incident photons. The coupling field with the
frequency w, drives the transition between the state |[—) and

the state |e) with the semi-Rabi frequency 2. = ’12’—EE and
the detuning A, = w, — w_ — w,. Thus, the energy structure
of the single emitter can be considered as two dependent
parts: one is a simple two-level structure and the other is a

ladder-type EIT three-level structure.

III. ISOLATOR

As in Fig. 1(b), a low-loss single-polarized single-mode
(SPSM) waveguide is coupled to the single emitter so that a
single-photon isolator can be realized. When a single photon
is input from the left side of the waveguide, the polarization
of light is right-hand circular (o) and thus it only interacts
with the transition between |g) and |+). In this case, the
single emitter can be simplified into a two-level system and
the Hamiltonian H,. of the system is given by

A At d \ A
H, = /dxCJ'r(x)(a)o - ivg£>c+(x)
+Vi / dx3(D)[C ()8 45 + CL(N)S¢4]

+ (wy — iy )akay. (1)

The corresponding eigenstate |, (x,?)) of the system for a
single photon with the eigenvalue @ can be expanded as

[y (x, 1)) = e [Py (x))
= e*ia)t [/ dx(ﬁ_;,_(x)éj_(x) + e+g&1&gi| |0c, g) (2)

When a single photon is incident from the right side of the
waveguide, the light is left-propagating o_ polarized and thus
only couples to the transition between |g) and |—). If an
external field €2, is applied to control the transition between
|—) and |e), the EIT effect can take place. In this case, the
single emitter can be considered as a three-level system and
the Hamiltonian A_ of the system is as follows [46]:

H = /dxéf(x)(wo + ivgi>CA‘(x)
0x
+V_ / dx8(X)[C_(x)8_g + CT (x)S,_1

+ (g + Ac — iy )ala + (wg —iy-)ala_
+Q.lala, +ala_). 3)

The corresponding eigenstate |y_(x,t)) of the system for a
single photon with the eigenvalue w is

[Y_(x, 1)) = e [Y_(x))
— g it [/ dxgb,(x)éi(x) + eeg&Z&g

+ e_ga*_ag} 10, g). 4)

In Eqgs. (1)-(4), C’+(x) (o (x)] represents a bosonic operator
which can annihilate a right-propagating o, -polarized (left-
propagating o_-polarized) photon at the position x. a; (i =
g, +, —, e) is the annihilation operator of the quantum state |7)
and S‘[j = &f&j (i, j = g +, —. e). The coupling strength V.
between the single emitter and the o -polarized waveguide
mode is proportional to the dipole moment . @y are the
intrinsic frequency of the waveguide and v, is the group ve-
locity of the single photon in the waveguide. Here, we define
w+ = w, and the ground-state energy of the single emitter is
taken to be zero (w, = 0).

In Egs. (2) and (4), ¢+(x) [¢—(x)] represents the
single-photon wave function of the right-propagating (left-
propagating) mode at the position x and e;; (i =+, —,€)
indicates the excitation amplitude of the single emitter in the
state |i). |0., g) implies the original state of the system with
zero photons in the waveguide and with the single emitter
in the ground state |g). In order to solve the transmission
amplitude of the incident single photon, we use ¢ (x) =
e/ @=@0)/ve¥ [ (—x) +1,0(x)] for the right-propagating o -
polarized photon and ¢_(x) = e~/ @=*0)/VeX[t_0(—x) + 6 (x)]
for the left-propagating o_-polarized photon at position
x [47], where 7, (¢z_) is the transmission amplitude for
the right-propagating o, -polarized (left-propagating o_-
polarized) single photon. 6(x) is the Heaviside step function
in which 0(x)[,mo =%, 22|, =1, and 22|, =
—1 [46,48].
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According to the theory of single-photon transport in a
single-mode waveguide in real-space [46,48], we can derive
the steady-state transmission of the incident single photon
with frequency o in the configuration shown in Fig. 1(b).
In the steady state, using the eigenequation of Hamiltonian
H|y (x)) = ho|y(x)) (h = 1), we can obtain

3¢ (x)

o (0) — v, +Viery(0) = 0h(0),  (Sa)

x=0
Vi (0) + (@, — iy1)esy(0) = we,y(0),  (5b)

for a right-propagating single photon at the position x = 0.
For a left-propagating single photon, we can obtain

a¢p_(0
o O +iv, 2PN Ve (0)= w0 (0),
X x=0

(62)

Voo (0) + (04 + Ac — ive)eeg(0) + Qceo(0) = wee(0),
(6b)

Qeee(0) + (wy — iy-)e_g(0) = we_g(0).
(6¢)

Then we can further derive the transmission amplitudes of
the right-propagating single photon and the left-propagating
single photon given by

A—i(yr —T4)
—_————— ) 7
@) = T T T (72)
_ . _ . . _ 2
oy B A iy T -0

(A A — iV )(A — iy — il ) — QY

where 'y = ;—i It can be seen in Egs. (7a) and (7b) that 7, is
consistent with the transmission amplitude in a single-mode
waveguide coupled to a two-level emitter case [48] and that
t_ is equivalent to the transmission amplitude in a ladder-type
three-level single emitter case [46]. Without loss of reality,
we consider that y4, I'y are proportional to uzi and thus have
y+/v- =T4/T_ = u% /u* in the following. Then 7, can be
rewritten as

A — il /pl (y- = T)]
A —ilpd /ut (y- +TO)]

From Egs. (7b) and (7c), the difference between 7_ and 7,
mainly depends on €2, and w4 /u—. One can predict that if
the driving field €2, is turned on, the emitter becomes trans-
parent for the left-propagating single photon due to EIT and
opaque for the right-propagating single photon near the reso-
nant frequency. In this situation, the asymmetric transmission
is naturally created and €2, performs a dominant role rather
than @y /u_. When the driving field 2. is turned off, the
difference between 14 and _ becomes essential for realizing
the nonreciprocity.

Here, we define the transmission Ty = |t+|>. To study
the influence of EIT and the unbalanced coupling on the
nonreciprocity in detail, we representatively plot the trans-
missions of the single photon in both propagation directions
with the driving field €, turned on and off in the bal-
anced coupling case and highly unbalanced coupling case.
As shown in Figs. 2(a) and 2(c), we can see that assisted
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FIG. 2. Transmission of the single-photon isolator for
@ pp/po =1 and () ps/p_ = /45 with EIT (Q = 257,).
Transmission of the single-photon isolator for (b) pu,/u_ =1 and
(d) pui/u_ =+/45 without EIT (. = 0). Other parameters are
7+ =097,y =y

by EIT (2, = 25y,), when py/pu_ =1 (balanced coupling)
and 4 /pu— = +/45 (highly unbalanced coupling), the nonre-
ciprocity always exists. Moreover, the left-propagating single
photon can be mostly transmitted while the right-propagating
single photon is totally absorbed in the transparency window.
A high-performance single-photon isolator is realized with
very high transmission and low insertion loss. However, if
there is no EIT effect (2. = 0), only when . /p_ is large
enough (u4/pu_ = V/45) [35], the isolation function can be
obtained, otherwise it will be greatly degraded and even dis-
appear when ./ = 1 as shown in Figs. 2(b) and 2(d).

In order to intuitively show the performance of the single-
photon isolator based on EIT and compare it with the isolators
using highly unbalanced coupling [34-37], the contrast ratio

n= |;:jr;i | and the insertion loss L = —10log,,7- (dB) are

plotted for u. /u_ = +/45 with EIT effect and without EIT
effect in Figs. 3(a) and 3(b). It can be seen that the frequency
regions of n =2 70% and L <2 dB are 0 < |A|/y. £ 0.84
with EIT effect and 0.05 < |A|/y. < 0.84 without EIT ef-
fect. It is worth noting that with EIT the isolation bandwidth
passes through the resonant frequency, while without EIT the
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FIG. 3. Contrast ratio n and insertion loss L for p/pu_ = /45
(a) with EIT (2, = 25y,) and (b) without EIT (2, = 0). Other pa-
rameters are the same as in Fig. 2.
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isolation function disappears near the resonant region. Thus,
it can be seen that the bandwidth of the single-photon isolator
can be broadened by EIT.

IV. CIRCULATOR

To realize a single-photon circulator, a WGM microres-
onator is coupled to the single emitter with drop and bus
waveguides guiding the single photon in and out as shown in
Fig. 1(c). We assume that the counterclockwise mode of the
WGM microresonator can be only excited by the o -polarized
photon incident from P; or P; while the clockwise mode of the

J

WGM microresonator can be only excited by the o_-polarized
photon incident from P, and P4, in which P; (i =1, 2,3, 4)
denotes the port i of the circulator. Then we further assume
that the o-polarized single photon can be scattered by the
single emitter only into the counterclockwise mode or into an
open environment. Due to the above assumptions, the single
photon incident from P; can only exit from P, and P4 while
the single photon incident from P, can merely come out of P,
and Ps.

When a single photon is input from port 1, the photon is o1
polarized and the Hamiltonian H, of the system in this case
can be obtained as follows:

. . 3\ A . . . R 3\ A
H, = / dxClL(x)(wo - l'vg£>CB+(x)+ / dxVs(x)[C}, (), + Cp, (x)al 1+ / dx/cg+(x/)<wo —ivgg)cm(x/)

+ / dx'Vpd(C, (e, + Cp, (Xl 1+ 8(0)(g1al Ser + &1ac, S1g) + (@ — ik)a] o, + (0, — iyp)alay.  (8)

The corresponding eigenstate of the system |, (x, t)) for a single photon with the eigenvalue w can be expanded as

Wy (1)) = e Yy (1)) = e [ / dxgp, ()Ch (x) + / dx'pp, ()Ch () + e al + eegai&g] 10,,0.,8). (9

When a single photon is incident from P,, the Hamiltonian A_ in this case can be expressed as

X R 3\ A R R Ny 9\ A
A = / dxc;_(x)(wo + iuga)cg_(x)Jr / dxVs()[C) ()a.. + Cp_(x)al 1+ / dx/c,g_(x/)(wo + ivgﬁ)CD_(x/)

+ / dx'VpS()IC) (ae +Cp ()al 1+ 8(x)(g-al Se +g"ac 8-g) + (8o +5-0) + (g + A — iye)dla,

+ (g — iy )ala + (o — ik)al_a.._.

The corresponding eigenstate |y _(x, ¢)) of the system for a
single photon with the eigenvalue @ can be expanded as

[Y_(x, 1)) = e |Y_(x))
= e it [ / dxpp_(x)C}; (x)

+ / dx'¢p (X)C, ()

+ e &+ eqdla, + ega*ag] 10,, 0., ). (11)

In Egs. (8)-(11), C’B+ (x) [€5 (x)] is a bosonic operator
which can annihilate a right-propagating o -polarized (left-
propagating o_-polarized) single photon in the bus waveguide
at the position x. CA‘D+ (x') [Cp_(x")] is the annihilation op-
erator for a right-propagating o -polarized (left-propagating
o_-polarized) single photon in the drop waveguide at the posi-
tion x’. The operator @, (@._) can annihilate the o -polarized
counterclockwise (o_-polarized clockwise) resonator mode.
Vi (V) is the coupling strength between the bus (drop) waveg-
uide and the WGM microresonator. g4 (g—) is the coupling
strength between the single emitter and the o -polarized
counterclockwise (o_-polarized clockwise) resonator mode.
y; (i =+, —, e) is the decay rate of the atomic state |i). We
define the frequency of the degenerate transitions wy = wy. k;

(10)

(

is the intrinsic decay rate of the resonator. w, is the resonant
frequency of the resonator.

In Egs. (9) and (11), ¢p, (x) [¢p_(x)] presents the wave
function of the single photon incident from port 1 (port 2) in
the bus waveguide at the position x. ¢p, (x') [¢p_(x)] presents
the wave function of the single photon incident from port 1
(port 2) in the drop waveguide at the position x'. e, (x) (i =
+, —) is the excitation amplitude of the resonator. |0,, 0., g)
is the initial state of the system with no photon, no excitation
of the resonator, and the single emitter. We have ¢p, (x) =
@@/ [ (—x) + 11,6(x)] in the bus waveguide, ¢p, (x') =
t14e”@=®0)/vX' g(_x") in the drop waveguide for the light inci-
dent from Py, and ¢p (x) = e H@~@0)/VX [0 (x) + 15,6 (—x)] in
the bus waveguide, ¢p (x') = 3¢/ @)/’ 9(x') in the drop
waveguide for the light incident from P, [47]. 6(x) is the
Heaviside step function in which 6 (x)|,—o = %, a%g) lx=0,
1, and 20| 0 = —1 [4648]. t; (i, j = 1,2,3,4) is the
transmission amplitude of the single photon incident from port
i into port j.

In the steady state, using the eigenequation of Hamiltonian
H|¥ (x)) = |y (x)) (h = 1), we can obtain

2iKexB

ta(w) =1+ — (12a)
We — W — IK — pr————
21.4/16 BKexD
fa(w) = —— (12b)
We — W — 1K — prp————
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FIG. 4. Single-photon transmissions for (a) u,./u_ =1 and
©) uy/pu_ = /45 with EIT (R, = 20k;). Single-photon transmis-
sions for (b) w4 /i = 1 and (d) 4 /pu— = ~/45 without EIT (Q, =
0). Other parameters are K.p = 4ki, Kep = 3ki, A =0, yp =
0.3x; = 0.9y,, and g, = 10«;.

for a single photon incident from Py, and

2ik

tZI(w) - 1 + . b |g |2 ’ (13a)

we — w — ik — - =

W= O—ly -~ o R
2i/KexBK
ba(@) = R . (3D)
W — w — Ik — - =
wq—a)—zy,—m

for a single photon input from P,, where A = w, —w =

2 2
a)q —wandk = Ki + KexB + KexD- KexB (KexD) - ;_53 (2_5;) rep-
resents the external decay rate of the microresonator to the bus
(drop) waveguide. « and «; are the total and intrinsic decay
rates of the resonator, respectively. Here, we consider that
Y+, &% are proportional to 3 and thus we have the relations
yily- = gi/g{ = ui/,u%. Obviously, we can also obtain
the transmission amplitudes #34, #3, 141, and 743 by exchanging
Kexg and Kop In 12, 4, 3, and 1.

I = |tij|2 (i, j=1,2,3,4) is defined as the transmission
for the single photon from port i to port j. We plot the trans-
mission with EIT and without EIT in the balanced coupling
case and highly unbalanced coupling case as in Sec. III. As
shown in Figs. 4(a) and 4(c), the near-resonance transmissions
are more than 75% in the direction of P, > P, —> P; —
Py — P;. The four relatively high transmission windows can
be simultaneously created no matter whether there is unbal-
anced coupling (i /p— = 1 and . /u_ = +/45). However,
when the control field is turned off (2. = 0) and there is no
EIT effect, T>3 and T4; become very low and the single photon
can only travel between P; (P3) and P, (P4) in the balanced
coupling case (uy/u— = 1) as in Fig. 4(b). Without EIT, the
highly unbalanced coupling (e.g., fi4/1— = ~/45) becomes
indispensable for realizing the circulator functionality shown
in Fig. 4(d).

1 0.95 0
2 0 0.75

3 0 0.97
41 0.75 0.06

Transmission matrix

FIG. 5. Transmission matrix of the single-photon circulator at
the resonant frequency A = 0. The row corresponds to the input port
i and the column to the output port j. The values inside the color
squares are the transmission between the two ports. Other parameters
are the same as in Fig. 4.

From Fig. 5, assisted by EIT, a four-port single-photon
circulator can be realized with high transmission and low in-
sertion loss even without unbalanced coupling. The circulator
can direct the resonant single photon incident from the input
ports Py, P,, P53, and P, into the output ports P,, P3, P4, and
P; with the transmissions Ty, = 95%, Tr3 = 75%, Tz4 = 97%,
and Ty = 75%, respectively, and block the single photon in
the reverse direction.

We also plot the contrast ratio n;; = |;’;7T}| and
ij Jii
the insertion loss L;; = —10log,,7;; (dB) ({i,j}=

(1,2}, (2,3}, (3.4}, {4, 1)) for py/u_ =+/45 with EIT
effect and without EIT effect in Fig. 6. We can find that
the frequency regions of 1y, 123, 734, D41 = 70% and
L12,L23,L34,L41 <2 dB are 0 § |A|/K,' < 2.73 with EIT

effect and 0.64 < |A|/k; < 3.34 without EIT effect. The

@ [ 7, With EIT ......_ 7, without EIT (b) |- 7y With EIT ....
— L, with EIT

. 77,5 without EIT

LIZ without EIT L23 without EIT

—_ Luwith EIT

L,, (dB)
L,, (dB)

© |- 7734 With EIT ... 7, without EIT d |- 74y With EIT ...... 7, without EIT
— Ly, with EIT Ly, without EIT — Ly, with EIT - - L, without EIT

L, (dB)

FIG. 6. Contrast ratio 7; ; and insertion loss L; ; of the single-
photon circulator for u,/pu_ = V45 with EIT (2, = 20k;) and
without EIT (2, =0) for (a) {i, j} ={1,2}, (b) {i,j} =1{2,3},
(o) {i, j} = {3, 4}, and (d) {i, j} = {4, 1}. Other parameters are the
same as in Fig. 4.
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FIG. 7. The coupling scheme for experimental implementation.

optical nonreciprocity can be achieved near the resonant
point and thus the bandwidth of the circulator is significantly
broadened by EIT.

V. EXPERIMENTAL FEASIBILITY

Then we briefly discuss the experimental feasibility of
the proposed scheme. According to the experiments on the
single-photon isolator and circulator in chiral quantum optical
systems [36,37], we can select the rubidium-85 atom as the
single emitter and the hyperfine Zeeman state |52, 2. F =
3, mp = 3) as the ground state. We then choose the Zeeman
states |52P3/2, F =3, m} =2) and |52P3/2, F' =3, m% =
4) as the degenerate lower excited states. In order to con-
struct an EIT structure, we further choose the Zeeman
state |72S1/2, F” =3, m}. = 3) as the highest excited state
and exploit a control field €2, driving between the states
|52Ps)0, F' = 4,mj. = 2) and |72S1, F" =3, mj. =3) as
shown in Fig. 7 [49]. As for the single-photon isolator, we
consider the configuration of a single resonator-enhanced
emitter coupled to a waveguide as in [36]. Thus, we can
take 'y = 2w x 5MHz, y; =2 x 101.3 MHz, y_ =27 X
7.8 MHz [36], and consider y, = 27 x 0.724 MHz and Q2. =
27 x 14 MHz, and then the isolation contrast ratio n of
0.89% and the insertion loss L of 0.86 dB can be obtained
at resonant frequency. For the single-photon circulator config-
uration, the WGM resonator which sustains two degenerate
clockwise and counterclockwise modes coupled to one or two

waveguides has been demonstrated experimentally [36,37,50—
52]. Within the existing technology, the clockwise (counter-
clockwise) mode of the resonator can overlap more than 96%
with a circularly o -polarized (o_-polarized) mode due to the
strong confinement for guided light [51]. By setting properly
the polarization of light in the waveguides, the light can be
almost completely coupled into the WGM resonator. With
the choice of g = 27 x 12MHz, g_ = 27 x 12/+/28 MHz,
ki=2m x5 MHz, ¥ = k; + Kexp + Kexp = 2 X 22 MHz,
Kexp = 21 x 11 MHz, yy = 2m x 3 MHz [37], and taking
Ve = 2w x 0.724 MHz, Q. =2 x 14, we have the con-
trast ratio ny;; = 1, no3 = 0.82, 134 = 0.54, and 4 = 0.82
and the insertion loss Lj, = 3.27 dB, L,; = 2.64 dB, L3, =
1.63 dB, and L4; = 2.64 dB for resonant single photons. Fur-
thermore, we can also reverse the optical nonreciprocity by
initially preparing the Rb atom into the state |5 S| 2. F =3,
mr = —3)
VI. CONCLUSION

We propose a scheme for realizing single-photon nonre-
ciprocity based on EIT in chiral structures coupled to a single
emitter. Combining EIT with the unique coupling features in
chiral quantum systems, a single-photon isolator and a single-
photon circulator with high isolation and low insertion loss
are obtained. With the help of EIT, the optical nonreciprocity
can be realized near the resonant frequency and thus the band-
width of the nonreciprocal window is significantly broadened.
Moreover, the nonreciprocity does not require unbalanced
quantum coupling. Thus, there is no need to select emitters
with different transition strengths. We also propose a feasible
coupling scheme, under which we evaluate the performance of
two nonreciprocal devices using the experimental parameters.
Our study may offer a promising approach to realizing single-
photon nonreciprocity for scalable integrated optical circuits.
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