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Quantum nonreciprocity, such as nonreciprocal photon blockade, has attracted a great deal of attention due

to its unique applications in quantum information processing. Its implementation primarily relies on rotating

nonlinear systems, based on the Sagnac effect. Here, we propose an all-optical approach to achieve nonreciprocal
photon blockade in an on-chip microring resonator coupled to a V-type Rb atom, which arises from the Zeeman
splittings of the atomic hyperfine sublevels induced by the fictitious magnetic field of a circularly polarized

control laser. The system manifests single-photon blockade or multi-photon tunneling when driven from opposite
directions. This nonreciprocity results from the directional detunings between the countercirculating probe fields
and the V-type atom, which does not require the mechanical rotation and facilitates integration. Our work opens

up a new route to achieve on-chip integrable quantum nonreciprocity, enabling applications in chiral quantum

technologies.

DOI: 10.1088,/0256-307X /41,7/074202

Nonreciprocal optical devices, such as isolators, cir-
culators, and unidirectional amplifiers, play a crucial
role in optical communication and signal processing by
safeguarding the signal source against noise.  Opti-
cal nonreciprocity ™% is typically achieved in magneto-
optics materials with the magnetic circular dichro-
(3-5] chal-

lenge of integrating magnet-based nonreciprocal de-

ism and circular birefringence. To avoid

vices on a chip, alternative strategies to realize
magnetic-free optical nonreciprocity have been experi-
mentally demonstrated and theoretically proposed, such
as optical nonlinearities, [6-15] spatiotemporal modula-

tion of dielectric permittivity, (16201 atomic gases with

susceptibility-momentum locking, [21-24] optomechanical
(OM) systems, 2% spinning resonators, *°*7 moving
[38-40 [41-46]

atomic lattices, I chiral light-matter interaction,
and light-induced magnetization of atomic media. 474
In addition to nonreciprocal transmission or ampli-
fication in the classical regime, nonreciprocal quan-
tum devices with different critical functionalities, e.g.,
single-photon diodes, [21,23,45]
band, [49] one-way quantum ampliﬁers,[
cal entanglements,m] and nonreciprocal photon block-
ades (PBS),[BF%’S:;] have been intensively explored. These
schemes not only reveal new physics under quantum
regime, but can also provide promising applications in un-

conventional quantum information processing and chiral

nonreciprocal single-photon

50-52] nonrecipro-

quantum technologies.
In particular, PBs, as a purely quantum correlation

effect, play a pivotal role in the precise manipulation
of single photons for fundamental physics investigations
and practical applications in quantum information pro-
cessing. Conventional PBs are experimentally demon-
strated and theoretically predicted in cavity-QED P45
and circuit-QED (09703 gystems, Rydberg atoms, (4% OM

[66-68]

systems, and nonlinear optical systems. ™ In ad-

dition, the conventional PBs can be switched on and off
in nonlinear optical systems with exceptional points. [73,74]
These phenomena unveil the single-photon nonlinearities
arising from factors such as quantum coherence in the
atoms (or artificial atoms) or radiation-pressure coupling.

Nonreciprocal PB has been predicted in spinning Kerr
31,36] 4 spinning resonator coupled to a two-

or quadratic OM systems, (33] which is based

resonators, [
level atom *%
on the conventional condition of strong single-photon non-
linearity.

which relies on destructive interferences of different path-
[34]

[35]

Moreover, nonreciprocal unconventional PB,

ways, has been proposed in spinning OM systems
and spinning resonators with parametric amplification.
Most protocols designed to achieve nonreciprocal PBs or
nonreciprocal unconventional PBs typically involve the use
of rotating nonlinear components. In contrast, we pro-
pose a light-controlled nonreciprocal PB system without
the need of mechanical rotation.

In this Letter, we propose the realization of nonrecip-
rocal PB in a microring resonator chirally coupled to a
V-type 8"Rb atom. The V-type level structure arises from
the vector Stark shifts of atomic hyperfine sublevels with
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the form of Zeeman splitting, which are induced and con-
trolled by a circularly polarized control laser. The probe
light fields incident to opposite directions couple to the
splitting o™ and ¢~ transitions of the V-type atom with
red and blue detunings, respectively. This directional de-
tuning gives rise to directional energy-level structures of
the resonator-atom coupling system. By this means we
obtain the magnetic-free quantum nonreciprocity. Single-
photon blockade (1PB) with the second-order correlation
¢?(0) ~ 0.2 or multi-photon tunneling with g‘® (0) ~ 230
can emerge when driving the resonator from its opposite
sides. Our scheme circumvents the need for mechani-
cal rotation, presenting a promising avenue for realizing
quantum nonreciprocity in integrable quantum informa-
tion processing.
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Fig. 1. Schematic of an all-optical nonreciprocal system
consisting of a microring resonator (of resonance frequency
wq) coupled to a 87Rb atom and two nearby waveguides
(WG1 and WG2). A LCP control field is applied along
—e. and generates a fictitious magnetic field (FMF) along
e, where e, is the real-valued unit vector of z axis. The
evanescent electric field of the CW mode is o1 polarized
near the outer sidewall, while that for the CCW mode is
o~ polarized. (a) A signal input to WG1 from port 1 ex-
cites the CW mode a¢, which couples to the ot transition
lg) <> |r) within the Rb atom’s D; line. (b) A signal in-
put to WG2 from port 2 excites the CCW mode a¢y which
couples to the o~ transition |g) <> |I).

System. A schematic diagram of our setup is present
in Fig. 1. The whispering-gallery mode (WGM) microring
resonator, characterized by a resonance frequency w, and a
damping rate &, is coupled with a single 8’Rb atom. A cir-
cularly polarized control laser, with a frequency w detuned
between D; and D3 lines of the Rb atom, can induce vec-
tor Stark shifts >~ exclusively in its hyperfine-structure
(HFS) magnetic sublevels within a J = 1/2 fine-state man-
ifold. The shifts are proportional to my and thus are called
the Zeeman splitting induced by a fictitious magnetic field
(FMF), ™™ where myp is the quantum number for the

projection of atomic angular momentum onto the quanti-
zation axis. The HFS magnetic sublevels in the nJ man-
ifold are also subject to a scalar Stark shift (the same for
all states in the nJ manifold) and tensor Stark shifts pro-
portional to m2. [75-78] Nevertheless, the scalar Stark shift
can be eliminated with proper tuning of the control field
and the tensor Stark shifts vanish for J = 1/2 manifolds
(see Supplementary Material). A properly detuned left-
circularly polarized (LCP) control laser is applied along
negative z axis, generating an FMF directed to z axis.
The signal from port 1 or port 2 is almost exclu-
sively transversally polarized along y axis, whereas the
evanescent electric field circulating around the sidewalls
of the resonator has a local longitudinal component be-
sides the radial component due to the strong transverse
confinement. *%5°51 These two components are 7 /2 out
of phase with each other, with the + sign depending on
propagating directions of WGMs.
cent fields can be nearly perfectly circularly polarized for
a high-refractive-index WGM resonator. Assuming e, as
the quantization axis (see Fig. 1), the evanescent electric
field of the clockwise (CW) mode is 0 polarized near the
outer sidewall, while that for the counterclockwise (CCW)
mode is o~ polarized. The 795-nm-band CW and CCW
modes ar, and a¢ are resonant with the D;-line 7 transi-
tion |5S1/2, F =1, mp = 0) <> [5Py2, F' = 2, myp = 0),
where only the 5P, />-manifold scalar Stark shift does not

The sidewall evanes-

vanish but can be ignored for its magnitude of tens of
megahertz. The mode Gy (a¢) is red (blue) detuned to
and couples to the o (¢7) transition |F = 1, mz = 0) +
|F' = 2, mp = +1) ([F' = 2, mp = —1)) within the
perturbatively shifted D; line. The vector Stark shifts
of relevant states |5P; s, F' = 2, my: = =£1) are £4 of
tens of megahertz. For convenience, the ground state
[551/2, F =1, mp = 0) is denoted as |g), the excited Zee-
man sublevels [5P; /2, F' = 2, myr = 0, £1) are denoted
as |e), |r), and |l), respectively. The o and o~ transi-
tions, detuned in the blue or red shifts relative to the de-
generate countercirculating modes by +6, induce different
nonlinear energy-level structures of the system depending
on light circulating direction.

The classical and quantum nonreciprocity, facilitated
by chiral light-atom interactions, is typically achieved
through two distinct mechanisms: the directional detun-
ings between light and atomic transitions [46] and the un-
balanced light-atom coupling strengths. [42,45
achieve the photon blockade and photon tunneling in op-
posite directions through the unbalanced light-atom cou-

! In order to

pling, it is necessary for the coupling strengths to follow
the specific condition g_ = v/2g4+ (or g+ = v/2g_). Here
g+ (g9-) is the coupling strength between the o© (o7)
atomic transition and the o*- (¢~ -) polarized field. How-
ever, it is hard to find such a pair of ¢+ and o~ transitions
in a natural atom whose light-atom coupling strengths sat-
isfy the above condition. As a contrast, the magnitude of
the directional detuning § can be adjusted arbitrarily by
controlling the control field intensity to achieve the non-
reciprocal photon blockade. Therefore, compared to the
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unbalanced light-atom coupling, the scheme of directional
detunings is more feasible in experiments.

Zeeman Splitting of Rubidium 87 D1 Line. When an
atom in the state |¢)) is irradiated by a laser field with
an oscillating electric field E(t) = Eee™ ™" 4 £*€*e™" far
from resonance with the atom (e is the complex unit vec-
tor of the polarization), the second-order ac Stark shift of
the atomic state |1)g) is

Unclo) = £ 5 pe[{told: €' 1) unld clv)

= w — (wn — wo) + iYno/2

~ {ghold- e|wn><wn|d“~e*|wo>}
w~+ (Wn — wo) + iYno/2

(1)

where [10) and |1),,) are the initial state and all possible fi-
nal states of the atom, with unperturbed energies hwo and
hwn,, respectively; Yno = Yn 40 is the transition linewidth
with 70 and ~y,, being spontaneous decay rates of states |¢o)
and |¢,); and d is the operator for the electric dipole of
the atom.

After the calculation in the formalism of irreducible
tensor operator, the ac Stark shift of the ground-state
hyperfine sublevel |[nS;/2, F, mg) of the alkali atom, as
shown in the Supplementary Material, can be written as

UAC(nsl/% F7 mF) = - i6n51/29F<F7 mF|a-|F7 mF>
(EXE) tans, L€ (2)
where Qans, /s and /8”51/2 are the scalar and the vector po-
larizabilities for the n.S;/» manifold, respectively; gr is the
Landé factor for the hyperfine state |nS; /2, F), and & is

the Pauli spin operator. The first term in Eq. (2) plays the
role of an effective Zeeman splitting. We have

1 R
S 2l dlnPy )

anSI/Q =
X Re( ! - — L - )
W—Wwp, +1Yp, W+ wp, 1D,
+ 6h\<n81/2\|d||nP3/2>|
1 1
x Re( I : ) (3)
W—Wwp, +%Yp, W+Wp,+1YD,
8 2 |(nS I Pa) P
= —|\n n
nSy /o 69n51/2ﬁ 1/2 1/2
X Re( 1 - + ! - )
W —Wwp, +%Yp, W+ Wwp, +9Yp,
1 5 2
— —|(nS d||nP:
ngsl/2ﬁ|< 1/2ldl[nPs2)]
1 1
x Re( — ). @
W—Wp, +1Yp, W+Wwp,+1Yp,
where wp, = WnPy 5 — WnsSy jp) WDy = WnPy,y —WnSy /55 YDy

(vp,) is the decay rate of the |nSy,2) < [nPy/2) (|nPs/2))
transition; and gns, /2 is the Landé factor for the fine-
structure ground state |n.S; /7). Here we neglect couplings
other than Dy and D-.

The ac Stark shift in Eq. (2) can be rewritten in a form
of the scalar Stark shift plus the Zeeman shift,

U(’I’le/g, F7 mF) = O"ns1/2“€|2 + nﬁn51/2‘8|2gFmF7 (5)

where n = —iey, - (€ x €") is the degree of circularity. Here,
ey, the direction of light propagation, is the quantization
axis that defines mr. The second term in Eq. (5) has the
same form as a Zeeman shift, gemrusBsc, of an atom
in the |nSy /2, F, mp) state inside a magnetic field Bgce,
where pp is the Bohr magneton. Here we define the light-
induced FMF as
2
Bao = 77/3n51/2|5| 7 (6)
UB
with Bge the same for all HF'S sublevels |nJFmy) within
an nJ manifold. The direction of Bg. is determined by the
polarization of the light, as n = +1 for a right-circularly
polarized (RCP) light, and 7 = —1 for an LCP light. Bgc
vanishes for a linearly polarized light as 7 = 0 in this case.
When the control laser is tuned between the alkali-
metal D transitions, the spontaneous decay rates of D1 and
D5 transitions and farther off-resonance terms in Egs. (3)
and (4) are neglected. Considering ac Stark shifts of the
Di-line states of 8" Rb atom, the scalar and vector polar-
izabilities for all HFS sublevels |55 /2, F, my) within the
551 /2 manifold take the approximate forms

(551 2ld]|5P12)|* 1 1 2
a551/2 - 65 |:AD1 + AD2]
(5512 lld]|5 Py 2)|* 1 1 1
5551/2 - 6h |:AD1 - AD2]7 (7)

where Ap, = w—wp,, Ap, = w—wp,. We use 958, = 2
and |(551 /2||d||5Ps/2)|* ~ 2|(5S1 /2]|d||5Py j2)|?. Tt is obvi-
ous from Eq.(7) that the scalar Stark shift vanishes and
only the vector Stark shifts remain when Ap, = —2Ap, .
Under this condition, the ac Stark shifts of all HF'S sub-
levels |55 /2, F, mr) take the form of a pure Zeeman shift.
Similarly, the scalar and vector polarizabilities for all HF'S
sublevels [5P; /2, F', mys) within the 5P; /> manifold take
the approximate forms

(551 2||d||5P12)|* 1

P2 = 6h Ao,
(551 2]|d||5P1 ) > 1
Bspy )y 5% A, (8)

where G5Pyjy = 2/3 is used.

In brief, under an RCP (LCP) control laser properly
tuned between the alkali-metal D transitions, the hyper-
fine sublevels within 8"Rb D; line experience ac Stark
shifts with the form of Zeeman splitting under the FMF
along (against) the laser propagation direction.

Hamiltonian and Master Equation. The Hamiltonian
of the system consisting of the countercirculating modes
coupled to a Rb atom and the probe fields from WG1 and
WG@G2, in the rotating frame, reads

H= Ho + I:IQ + I:Id,l + ﬁd,z,

Hey = (8 = A)opr — Adlao + (@l + raic),
Hs = (—5 — A)ou — Aalyae + g(al,6 + G1500),
Hyy =
Hd 2= —

Rex,1®in 1(04;) - CLO)

Fex20in,2 (a0 — do), 9)
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where A = wp —w, and § = wrg — wo = wo — wig With wo
(wrg, wig) denoting the resonance frequency of the 7 (&)
transition |g) < le) (|lg) < |r, ).
that the degenerate cavity modes are resonant with the 7

Here the condition

transition |g) <> |e) is used, i.e., wa = wo; Qin,1 (Qin,2)
is the amplitude of the probe field input to WG1 (WG2)
from port 1 (2) which is normalized to a photon flux; Kex, 1
(Kex,2) is the external decay rate of the CW mode or the
CCW mode at the WG1-resonator (WG2-resonator) in-
terface. The total system is divided into two uncoupled
subsystems. The CW (CCW) mode couples to the ot
(07) atomic transition at the rate g, which comprises the
subsystem denoted by Hy, (H) and gives the anharmonic
energy-level structure of the subsystem. By driving the
system from its upper (lower) side, the subsystem denoted
by He (ﬁo) is excited.
The master equation of the system takes the form

p= —illl, pl+ ZILolp+ ZILolp
+ Ly lo+ZIL, 1o, (10)

where Z[6]p = 6p6" — (616p + p6t6)/2 and p is the sys-
tem density matrix. The term Z[Ly] (Z[L¢]) with the
operator Lo, = \/kae, (Lo = +/réo) describes the de-
cay of the CW (CCW) mode with the rate x. Here,
K = Kex,1 4 Kex,2. The term Z[L,+] (Z[L,-]) with the
operator L+ = V0ar (Ly- = \/Y6¢q1) describes the spon-
taneous emission of the state |r) (|I)) with the rate ~.
Directional Figenspectra and Mechanism of Nonrecip-
rocal Photon Blockade. Based on the FMF-induced Zee-
man splitting of the atom, the directional detunings of the
countercirculating resonator modes to the coupled ¢ and
o~ atomic transitions (F9) are the origin of the nonrecip-
rocal PB. When the coupling rate g satisfies certain rela-
tionship with &, the one-photon resonance emerges when
driving from the upper side and the two-photon resonance
emerges when driving from the lower side with the same
driving frequency. To give this relationship between g and
d, the directional eigenspectra of the system driven from
either sides are solved (see the Supplementary Material).
In the subsystem driven from the upper (lower) side which
is described by Hy (I:IQ)7 the eigenvalues in the one- and
two-photon excitation subspaces are solved as

4
0 )
EX* = 2w, + ¢ £/ = +2¢°
O a+2 4+g,
(.* 6, ]9
EQ*E = S/
(0] a 2 4+g7
2
ED* = 2, gi f%+2ﬁ. (11)

When the probe frequency wj, equals the eigenvalues
ES)’ * (one half of Eg)’ ), the system is driven from its
upper side with the single- (two-) photon resonant exci-
tation. Thus, the probe detuning A with respect to the
cavity resonance frequency in the one- (two-) photon res-

onant transition processes driven from the upper side is

_AwE =0y [

A=A =554+

5 52 g2
A=AD*F =24,/ + L. 12
© 1V (12)

The probe detunings in the one- (two-) photon resonant
transition processes driven from the lower side AS ), &
(Ag)’ *) are similarly obtained.

To observe the nonreciprocal PB under the same probe
field frequency, the probe detuning A should satisfy the
one- and two-photon resonance conditions, respectively,
when driving from opposite sides. Concretely, we sup-
pose that the one-photon resonance excitation is achieved
when driving from the upper side, e.g., A = A(Ol)’_ =

% - 1/% + g2. As a contrast, it is assumed that a two-

photon resonant transition is achieved when driving from
the lower side, e.g., A = Ag)’_ = —% -1/ % + %. The
corresponding coupling rate g and the probe detuning A
are solved as

g =65, A=-25 (13)
To visually understand the physical origin behind the non-
reciprocal PB, the directional anharmonic energy-level dia-
grams of the system driven from opposite sides are shown
in Fig.2. The energy gaps in the one-photon excitation
subspace are calculated by

_ 02 1

M = wWq — Eg)’ = Eg)’+ — Wy = \/TQQ— y
4 2

_ 62 P

m =BT —we=we— BQT =0\ H g5 (14)

The energy gaps in the two-photon excitation subspace are

2
N3 = 2wa—EC()2>‘7 =gt _9y, = %+292_g7
2
na = Eg)’Jerwa = 2wang>” = %+292+g’
— p(2),— 1),—
s = Eé)> — ZEé) s
1 _ _
Ne = §Eg)’ - ES)’ . (15)

For the coupling rate g = /64, which enables the one-
photon resonance driven from the upper side to equal the
two-photon resonance driven from the lower side, the en-
ergy gaps in Eqgs. (14) and (15) become

na=2m =46, n2=mn3 =34,

Ns=0=mn4s—"3, Ne=20=mn2—n1. (16)

On the one hand, when the probe field with detuning
A = —20 drives the system from its upper side, a sin-
gle photon resonantly couples to the transition W)w)) —
|1/)8>’_>. The following transition |¢v8)’_) — |1/)g)’_>
is detuned by n5 = J to the successive single-photon
excitations and thus is suppressed, as shown in Fig. 2.
Once the system absorbs a first photon to be excited to
|1/18 ) ~) state, the absorption of second one is blocked for

its disability to resonantly excite the system to |1/)g)’_>
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state, until the first photon is released out of the sys-
tem from WS)’_) state. Thus 1PB occurs for the CW
optical mode. On the other hand, when the system is
driven by the signal with detuning A = —2¢ from its
lower side, two-photons resonantly excites the transition
@) — |1/1g)’ ~); whereas the transition [)(®)) — |¢8>’ )
is detuned by —d to the single photons and thus is sup-
pressed, as shown in Fig.2. The absorption of the first
photon also favors that of the second or subsequent pho-
tons, i.e., resulting in photon-induced tunneling (PIT). [31]
In this way, the unidirectional 1PB effect, in which 1PB
emerges by driving from the upper side and PIT emerges
by driving from the lower side under the same driving fre-
quency, is realized with the V-type atom in which the o™
and o~ transitions are blue and red detuned to the degen-
erate modes, respectively.

E IPBOUL PITO E
[ @) ‘w%»:r)
2w, L [y - 3 2w,
my "o v [@)  [ma
AN A
J(1),4
[, ) 1 ‘w4L1JL+>
2 I [
“"’"mi | ¥ 17’)2—&)0
[)) TS |y
wy wp
[(©) [0
A=-2§ A=-20

Fig. 2. Energy-level diagrams of the system driven from
its upper or lower sides, with wgﬂ (w(()m) denoting the k-
photon resonant eigenstates of the subsystem driven along
the CW (CCW) direction. Here, 1PB emerges by driving
the device from its upper side, while two-photon tunneling
occurs by driving from the lower side.

The vector Stark shifts of excited states |r)/|l) are
+6 = +grusBsc/h, respectively, with the FMF Bg, =
Bsp, ;,|E*/um. The electric field amplitude of the control
laser is € = /cuol /2, where o is the vacuum permeabil-
ity and I is the laser intensity. We take I = 13x10% W/m?,
corresponding to £ = 4.9485 x 10° V/m, Bs. = 54 G, and
0/2m = 12.6 MHz. The matched atomic coupling rate is
g = V65 = 27 x 30.88 MHz, and the probe detuning is
A/27 = —25.2 MHz.

Results and Discussion. In what follows, we give the
steady-state numerical results of the master equation (10)
to recognize the nonreciprocal PB effect. The equal-
time second- and higher-order correlation functions are
introduced for opposite driving directions, i.e., gé")(O) =
(afrary/(alaz)* (u > 2), with g = 2 for recognizing the
1PB and g > 2 for distinguishing between multi-PB and
the particular PIT. The subscript « can be O (O) to denote
the case that the CW (CCW) mode is driven by the in-
put from the resonator’s upper (lower) side. The condition
g¥(0) > 1 (¢ (0) < 1) indicates the p-photon bunching
(1-photon antibunching). Hence g{* (0) < 1 characterizes
1PB via two-photon antibunching. To distinguish between
multi-PB and the particular PIT, for example, two-photon
blockade (2PB) and two-photon tunneling, 2PB character-

ized by three-photon antibunching and two-photon bunch-
ing must satisfy the following conditions with p = 2:[31

gV (0) < exp(—(fe) = fo, (17a)
g¥(0) > [exp(—(fz)) + (Aa) - 9TV (0)] = £, (17b)

where fi, = dLd,. PIT is recognized by the following
condition P! simplified for (f,) < 1:
g (0)>1 for p=2,34. (18)

®

=]

e}

2

=

(9]

-

—

Q

o

=

5}

£

2 (2)

o —g2 () —g2 (0) 02— |

O 2 4 s 2 Cim
Dy, A/
‘ BT

(©) 00 -

N 6

~

=

ar—o.z) 4
1 PB PIT

- 2

-
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Fig. 3. (a) The equal-time second- and third-order corre-
lation functions 9;2)(0) (solid curves) and gg(gs)(()) (dot-
ted curves) versus the optical detuning A for different
driving directions. The subscript = is O (O) for the
case of driving the CW (CCW) mode from the upper
(lower) side. (b) Single-photon blockade (1PB) emerges
at A = —2§ by driving the resonator from its upper side,
since gg)(O) < fo and gg)(O) > fél) fulfill the criteria in
Eq. (17) with g = 1. The directional PB effect can also
be recognized from (c) the deviation of the intracavity
photon-number distribution P(n) from the Poisson distri-
bution P(n) with the same mean photon number.

By driving the system from its upper side, gg)(O) <
gg )(O) < 0.2 around the CW one-photon resonance A =
Ag)’ ~ = —24, as shown in Fig. 3(a). Thus it is indicated
that 1PB emerges when driving from the upper side with
the strong two- and three-photon antibunching of the CW
mode. Concretely, gg)(O) ~ 0.2 and gg)(()) ~ 0.02. How-
ever, two-photon tunneling emerges around the same driv-
ing frequency when the device is driven from its lower side,
with the frequency satisfying the two-photon resonance in
the CCW direction, i.e., A = —2§ = Ag)’ ~. Figure 3(a)
shows that ¢&(0) > ¢2(0) > 1 around A = —26,
which satisfies the conditions given in Eq. (18). Specifi-
cally, g (0) ~ 6400 and g%’ (0) ~ 230. Although g% (0)
shows a bunching effect, gg’ >(O) > gg)(O) violates the cri-
teria of the 2PB given by Eq.(17), which indicates the
two-photon tunneling rather than the 2PB. In Fig. 3(b),
98)(0) > fél) > fo > gg)(O) around A = —2§. Hence
1PB is confirmed by the criteria Eq. (17) with 4 = 1 and =
being ©. The difference of 9(2)(0) for opposite directions
can reach 3 orders of magnitude, suggesting a strongly non-
reciprocal quantum statistics and quantum correlations.
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The 1PB, multi-PB and PIT can also be recognized
by the deviation of the photon-number distribution P(n)
in the resonator from the Poisson distribution P(n) with
the same mean photon number, as shown in Fig. 3(c). The
intracavity photon-number distribution is evaluated as

P(n) = [(n, glo)|* + [(n, r(1)] )|
= Trlp(|n, g)(n, gl + [n, r(D)(n,7(DN],  (19)

where ¢ and p denote the steady state and the steady-state
density matrix of the system driven from its upper (lower)
side which is described by the Hamiltonian He (ﬁ@), n
denotes the intracavity photon number of the mode a
(a), g and r (1) denote the atom in the ground and ex-
cited state. The Poisson distribution is defined as P(n) =
((Rz)™/n!) exp(—(fiz)). In Fig. 3(c-i), where driving comes
from the resonator’s upper side, single-photon probability
is enhanced as P(1) > P(1), while m-photon (m = 2, 3, 4)
probabilities are suppressed as P(m) < P(m) at A = —24.
This consists with the case that the first photon blocks the
entrance of a second photon, which indicates the enhance-
ment of the single-photon probability and the suppression
of multi-photon probabilities. In Fig. 3(c-ii), where driv-
ing comes from the lower side, single-photon probability is
suppressed while multi-photon probabilities are enhanced
at A = —24, ie., P(1) < P(1) and P(m) > P(m). This
deviation of the intracavity photon-number distribution
P(n) from P(n) clearly characterizes multi-photon tun-
neling and is in sharp contrast to that of the case when
driving from the upper side.

Feasibility and Implementation. For experimental im-
plementations, two laser beams are used to pump the
8"Rb atom into the ground state |55, /2, F' = 1, mz = 0).
One of them is a linearly polarized beam tuned to the
[5S1/2, F = 2) <> |5P3/9, ' = 2) transition and it
pumps the ®'Rb atom in the |55 /2, F' = 2) state to the
|551 /2, F' = 1) state. It is called hyperfine pumping. The
other is a linearly polarized beam tuned to the |55 2, F' =
1) < |5Ps2, F' = 1) transition and it pumps the ®*"Rb
atom into the |551/3, F' = 1, mg = 0) state. It is called
the Zeeman pumping beam. The resonator has a 2.2-mm
radius and a refractive index of n = 3.48. The transmis-
sion efficiency at the interface between WG1 (WG2) and
the resonator is 99.9%, yielding a corresponding external
decay rate Kex,1 (Kex,2) of about 2 x 1 MHz. The total
decay rate of the CW (CCW) mode is kK = Kex,1 + Kex, 2-
The resonator is approximately 0.63 um wide and 0.63 um
thick, leading to a mode volume Vi, ~ 5426 pum?. Corre-
spondingly, the strength of the zero-point fluctuation of
this mode is |Eo| = Qfo“"ﬁm ~ 1.6 x 10°V/m, where
€0 is the vacuum permittivity and we/27 =~ 377.11 THz
is the resonance frequency of the WGM resonator. The
dipole moments of the atomic o7 and o~ transitions
[5S1/2, F = 1, mp = 0) <> |[5Pij2, F' = 2, mp = £1)
are both 2|d| = 2.5377 x 1072° C-m. Therefore, the cou-
pling strength between the Rb atom and the CW (CCW)
mode is g = 40 = 27 x 30.88 MHz.

In conclusion, we have proposed an integrable nonre-

ciprocal quantum scheme with a microring resonator cou-

pled to a light-controlled V-type atom. A circularly polar-
ized control laser generates the FMF and thus induces the
Zeeman splitting of atomic hyperfine sublevels. The coun-
tercirculating resonator modes couple to the splitting o™
and o~ atomic transitions with red and blue detunings.
This directional detuning induces the directional eigen-
spectra of the resonator-atom coupling system. Single-
photon blockade emerges when driven from the one side
and two-photon tunneling emerges when driven from the
other side. A strong quantum nonreciprocity, with up to
three orders of magnitude difference of g (0) for opposite
directions, is obtained. A deep PB with ¢(®(0) ~ 0.2 is
shown simultaneously.

Our scheme provides a novel mechanism to achieve
quantum nonreciprocity as presented in Refs. [30,31], with-
out the requirement for mechanical rotation or real mag-
netic fields. This mechanism can be extended to various
wavelength bands and different device platforms, such as
traveling-wave resonators coupled with atom-like emitters.
Moreover, our proposal promises an on-chip platform for
high-quality unidirectional single-photon sources, which
are crucial elements in quantum information processing
and chiral quantum networks.
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