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On-chip chiral single-photon interface: Isolation and unidirectional emission
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Chiral quantum systems have received intensive attention in fundamental physics and applications in quantum
information processing including optical isolation and photon unidirectional emission. Here, we design an on-

chip emitter-resonator system with strong chiral light-matter interaction for a chiral single-photon interface. The
system includes a microring resonator with a strong evanescent field and a near-unity optical chirality along both
of the whole outside and inside walls, allowing a strong and chiral coupling of the whispering-gallery mode to a
quantum emitter. By initializing a quantum dot in a specific spin ground state or shifting the transition energy with

a polarization-selective optical Stark effect, we show a broadband optical isolation at the single-photon level over
several gigahertz. Furthermore, a quantum emitter chirally coupling to the microring resonator can emit single
photons unidirectionally. Our protocol paves the way to realize a multifunctional chiral single-photon interface
for on-chip quantum information processing and quantum networks.
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I. INTRODUCTION

Optical chirality, nonreciprocity, and unidirectional emis-
sion are of particular interest in fundamental science [1-10]
and promise important applications in modern optical systems
[11] and quantum information processing [12—16]. The recent
progress in these fields has led to an emerging field called
“chiral quantum optics” [10,12,17-27].

A strong chiral light-matter interaction is the basis of
chiral quantum optics and is achieved by coupling a quantum
emitter (QE) with photon-spin-dependent transitions to an
electric (e-)field, transversely confined in a subwavelength
space and consequently possessing “spin-moment locking”
(SML) at particular positions [12,18,25,26,28-34]. Realizing
chiral light-matter interaction requires either the magnetic-
field-induced Zeeman shift [19] or an asymmetric dipole
moment [26,28,35]. This paper focuses on proposing a chiral
interface for single photons by initializing a QE in a special
spin state or using the optical Stark control.

Although optical nonreciprocity has been well studied
in various systems and using different scenarios [35-50],
optical isolation at the single-photon level has only been
reported in quantum optical systems with chiral light-matter
interaction, based on the photonic SML [17-19,26,51] or the
photonic Aharonov-Bohm effect [52]. The chiral-waveguide-
based or chiral-cavity-based single-photon isolation normally
has a narrow bandwidth, typically up to tens of mega-
hertz [17,18,26], limited to the edge of the band or the
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weak evanescent e-field due to a large transverse dimension
[17-19,22,26,34,53]. Additionally, the QE needs to be po-
sitioned precisely in a nanosize region. Moreover, unidirec-
tional emission of single photons is highly desired but has
only been demonstrated in a chiral waveguide-emitter system
[19,21,24,25,54].

In this paper, we present a complementary metal-oxide
semiconductor (CMOS)-compatible chiral photonic interface
for single-photon isolation and unidirectional emission. In our
design, the silicon microring resonator with a subwavelength
transverse dimension has an exceptionally strong evanescent
e-field and a unity optical chirality (OC) surrounding the
whole outside and inside walls. Therefore, even the resonator
with a moderate quality factor of 10* can strongly couple to
a negatively charged quantum dot (QD) in a chiral way. In
this, we can realize broadband single-photon isolation and
achieve unidirectional and polarization-deterministic single-
photon emission.

This paper is organized as follows: In Sec. II, we design a
ring resonator with strong optical chirality along its sidewalls
and show how to obtain a chiral interaction between a QD
and this chiral optical resonator. Then, we present the results
for single-photon optical isolation in Sec. III and for single-
photon unidirectional emission in Sec. IV. In the end, we
present a discussion of our proposal and a conclusion in
Sec. V.

II. SYSTEM AND MODEL

The performance of our devices is crucially dependent on
the available OC of the ring resonator. So, we first present
our design before explaining our idea to achieve the chiral

©2019 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.99.043833&domain=pdf&date_stamp=2019-04-24
https://doi.org/10.1103/PhysRevA.99.043833

LEI TANG et al.

PHYSICAL REVIEW A 99, 043833 (2019)

ccw

«—
Port 2

Port 1

FIG. 1. Schematic of the chiral quantum optical system. A mi-
croring resonator couples to a nearby waveguide and a single neg-
atively charged QD. The light incident to port 1 (port 2) drives the
counterclockwise (CCW) [clockwise (CW)] mode. The polarization
of the evanescent field of the CCW mode is o™ (07) polarized
near the whole outside (inside) wall, while that for the CW mode
is o~ (o7) polarized. The QD is treated as a two-level system with
o *-polarized transition.

light-matter interaction and describing the model for this
quantum system.

A. Chiral microring resonator

Our QD-resonator system, depicted in Fig. 1, consists of a
silicon waveguide, a silicon microring resonator with refrac-
tive index n; = 3.48, and a single negatively charged QD. The
resonator and the waveguide are 0.44 yum wide and 0.22 um
thick. The resonator has a 4.22-um radius. Its whispering-
gallery modes (WGMs) decay into the waveguide at a rate
Kex- Our numerical simulation with the finite-difference time-
domain (FDTD) method yields an intrinsic quality factor
of Qi ~ 3.9 x 10* at the wavelength A, ~ 1.556 um, and
a mode volume V,, ~ 1.55um?>. The corresponding reso-
nance frequency and the intrinsic decay rate are w./2mw ~
192.67 THz and «;/2mw =~ 4.94 GHz, respectively, yielding a
total decay rate of k = kex + ki = 2w x 9.88 GHz. A higher
Q factor, e.g., Q ~ 10° at 1.55um, has been experimen-
tally demonstrated in a silicon-on-insulator (SOI) mesoscopic
resonator [55], even for a smaller mode volume [56]. The
relatively low Q factor of our resonator is due to the large
spatial grid in simulation, limited by available computation
resources. The waveguide-resonator gap (n, = 1) is set to
0.19 um so that the critical coupling condition is almost
obtained, confirmed by a vanishing transmission, 7 ~ 0, of
an empty resonator (see more details for design and numerical
simulation in Appendix A).

Now we design the microring resonator so that the clock-
wise (CW) and counterclockwise (CCW) WGMs possess the
SML. We numerically investigate the electric field distribution
of these two modes. The input light from port 1 or port 2
is almost exclusively transversally polarized [i.e., transverse
electric (TE) mode], whereas the evanescent fields of interest
circulating around the sidewalls of the resonator are tightly
confined in the transverse direction as a transverse magnetic

-1

FIG. 2. (a, ¢) Intensity difference C and (b, d) optical chirality D
for light with A = 1.556 um. Light incident to (a, b) port 1 and (c, d)
port 2. White lines show the waveguide boundaries. Green bars mark
the positions for fields evaluated in Fig. 3.

(TM) mode [11,57,58]. Thus, the evanescent e-field near
the side surfaces of the resonator has a local longitudinal-
polarized component (E,) and a transverse component (E,).
These two components are + /2 out of phase with each other
[57], with the £ sign depending on the propagating direction
of the light (see Fig. 1). The evanescent field of the WGM
is inherently elliptically polarized with its polarization locked
to the propagating direction. The complex-valued amplitude
of the evanescent field is given by E.,, = E, &= iE,,. The ratio
|E,|/|E,| can be estimated as [58]

[Eg|/IE,| % /1 = (n2/n1)*. (D

In our design with n; = 3.48 and n, = 1, the ratio is about
0.96. Thus, the evanescent fields are near perfectly circularly
polarized, i.e., o polarized.

Next, we numerically evaluate the OC of our resonator by
FDTD simulation. We first calculate the intensity difference
between the left-circularly (o~) and right-circularly (o)
polarized components at the position r by

C = |E(r) - e — [E(r) - e[, )
where the circular-polarization unit vectors are defined as

e, e,
V2o
where e, and e, are unit vectors along the x and y directions,
respectively. For a TE mode input from port 1, the intensity
difference distribution C is shown in Figs. 2(a) and 2(c). The
evanescent e-field along the outside (inside) wall is almost o™
(0 7) polarized; it depends to what degree the field is locked

to the light momentum. This feature can be evaluated by the
OC defined as [59-61]

_ |E(r)- e > — [E(r) - e+ |
E(@) - eo- |2+ [E(r) - e+ >

To limit the OC to a region from —1 to 1, which can present a
clearer picture to readers, here we normalize the conventional
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FIG. 3. Optical chirality and field intensity distribution. Trans-
verse distribution of field intensity |E(r)|?, normalized by its max-
imal intensity and the optical chirality D at the position, indicated
by the green lines in Fig. 2. The red solid (blue dashed) curve
describes D for light incident to port 1 (port 2), and the green dotted
curve describes the total electric field intensity. Black dashed lines
show the resonator boundaries of the inside and outside walls at
y = —0.22 um and y = 0.22 um, respectively.

OC with the local energy density. Obviously, we have —1 <
D < 1. It is an important value showing the chirality of the
field. The value D = 1(—1) implies the field is entirely o~
(o) polarized, while D = 0 corresponds to a linear polar-
ization. Clearly, our designed resonator has nearly unity OC
along both the outside and inside walls [see Figs. 2(b) and
2(d)]. For example, when the light enters the waveguide from
port 1 and excites the CCW mode, the outer (inner) evanescent
e-field of the WGM is o (07) polarized, indicated by D ~
—1(1), as shown in Fig. 2(b). For light input to port 2 and
exciting the CW mode, the polarization of the evanescent e-
field is reversed, as shown in Fig. 2(d), because of the relation
E_x(r) = Ei(r).

More details of the fields and the OC are shown in Fig. 3 for
the cross area marked by the green line in Figs. 2(b) and 2(d).
In stark contrast to the linearly polarized e-field at the middle
of the resonator, the evanescent e-field is a nearly perfect
circular polarization for both cases of light incident to port
1 and port 2. When the light is reversed, the polarization also
interchanges. We obtain |D| > 0.99 from the surface of the
outside wall to a position 280 nm away in the radial direction.
This large chiral area greatly relaxes the requirement for
precisely positioning a QD. Importantly, the intensities of the
evanescent fields near the walls are almost equal to that in

the middle of the resonator. It is still strong even at a position
tens of nanometers away from the surface. These features of
our design, in comparison with the conventional bottle-shaped
resonator, allow a stronger chiral coupling between a nearby
QD and the resonator.

B. Chiral light-matter interaction

Now we explain our idea to create the chiral and strong in-
teraction between a QD and the resonator for which the light-
matter interaction is crucially dependent on the propagation
direction of light, i.e., the moment of the light. As shown in
Fig. 1, a negatively charged QD is positioned near the outside
wall of the resonator. It has two energy-degenerate transitions
at A; ~ 1.556 um, driven by a circularly polarized e-field.
Note that the light at this wavelength is transparent in silicon.
It can be an InAs self-assembled QD grown on silicon diox-
ide/silicon substrates [62—64], with two electronic spin ground
states, |[1/2) = | 1) and| — 1/2) = | | ), and two optically ex-
cited states, |3/2) = | 1) and | — 3/2) = | 1} {). The no-
tation | ) (] {)) denotes the spin-up (spin-down) hole state,
and | 1) (] |)) is for the spin-up (spin-down) electronic state.

We have two methods to create a chiral QD-resonator
coupling. The first method populates the QD in one of its two
ground states. When the QD is prepared in the |1/2) (| — 1/2))
state, the o T-polarized (o~ -polarized) resonator mode only
couples the transition between the states |1/2) (| — 1/2)) and
[3/2) (13/2)), even in the absence of external magnetic field.
As shown in Fig. 4(b), by applying a magnetic field along the
direction perpendicular to the growth direction, the spin-flip
Raman transitions are enabled and can couple to a linearly
polarized e-field, i.e., a V or H polarized field. In this case, the
spin ground state |1/2) or | — 1/2) can be selectively prepared
with a nearly unity possibility [65-68]. In Fig. 4(c), once the
spin ground state, e.g., |1/2), is populated, the QD can be
treated as a two-level system with a dipole moment interacting
with a o *-polarized e-field. After initialization, we can switch
off the magnetic field. Initialization of the QD in either ground
state has been experimentally demonstrated with a near-unity
probability [66—68]. The second method involves all optical
control of the QD via the ac Stark effect. The polarization-
selective transition, |[1/2) <> |3/2) or | — 1/2) < | —3/2),
can also be tuned to have different energies by inducing a large
optical Stark shift with a large detuned circularly polarized
laser [69-74], as depicted in Fig. 5. We consider that the o -
polarized transition is shifted by a o *-polarized classical laser

|3/2 —$—¢- % -|-3/2) |3/2)—$—¢- - % ) 3/2) _%

(b)

[1/2) + ——-112)

1) —4— 1)
B X

FIG. 4. Energy-level diagrams for a negatively charged QD with a single electron. (a) Four-level configuration in the absence of a magnetic
field. (b) Four-level configuration with dipole-allowed transitions, enabled by a magnetic field along the X direction. (c) The trion system
which has been pumped with linearly polarized light at the magnetic field can be considered a two-level structure only with o *-polarized light

excitation at zero magnetic field.
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FIG. 5. Creating a polarization-selective transition in the QD via
the OSE. A o*-polarized classical laser Qg with a detuning Ag
from the o "-polarized transition |1/2) <> |3/2) is applied to shift
the transition energy by Aosg o §2/A. The o~ -polarized WGM
decouples from the QD because it is detuned by A_ from the relevant
transition | — 1/2) < | — 3/2).

to be on resonance with the CCW WGM. The o *-polarized
transition of the QD decouples to the resonator due to a large
detuning A_ = A, + 2Aopsg, where A, is the detuning of
the resonator’s resonance, and Aggg is the detuning resulted
from the optical Stark effect (OSE). In doing so, we can also
treat the QD as a two-level system with only o *-polarization-
driven transition. Importantly, this protocol allows an all-
optical single-photon isolation. For simplicity, we assume that
the QD is completely populated in the spin-up ground state,
or only allows the o *-polarized transition, enabled by the
OSE. Thus, the QD can be treated as a two-level system
with a o*-driven transition (see Fig. 1). It only couples to
the CCW WGM of the resonator but decouples from the CW
WGM. Note that the OSE-based method allows an all-optical
operation.

Next, we estimate the available QD-resonator interaction
strength, which is determined by the dipole moment d of
the QD and the strength of the evanescent e-field. In fabri-
cation, the QD can be engineered to have various resonance
wavelengths, dipole moments, and decoherence rates. Self-
assembled quantum dots can be engineered to possess a
transition at 1.556 um and their dipole moment can vary from
a few Debye to 40 D [75]. Here, we choose Aq ~ 1.556 um so
that wy = w, and a dipole moment |d| = 20 Debye, yielding
a spontaneous emission rate yq = |d|2a)5 /3meghc® =21 x
5.29MHz [30]. Such parameters for the QD are experimen-
tally available [75-77]. The effective volume of the funda-
mental mode of the resonator is evaluated by [78]

_ Jdvem)Em)’

 max(e(r)|E(r)[?)’ ©)

where £(r) and E(r) are the electric permittivity of the mate-
rial and the electric field of the fundamental mode at position
r. According to our numerical simulation, the mode volume
of our resonator at A, = 1.556 um is about V,, = 1.55 um?.
Correspondingly, the strength of the zero-point fluctuation
of this mode is [Eo| = v/51% ~ 6.82 x 10* V/m, where ¢

. .. 260V ;
is the vacuum permittivity and 7 is the Planck constant.

Correspondingly, the QD-resonator coupling strength [79]

d E
= . 6
8 p (6)

Thus, g = 2w x 6.86 GHz, and we reach the strong-coupling
regime, g > k, ¥y, when ke = ki. In stark contrast to the
conventional whispering-gallery mode resonator with a large
cross section, the evanescent e-field in our device is close to
the maximal amplitude. Thus, it is reasonable to assume that
the strength of the e-field coupling to the QD is Ey.

In our design, the photon only drives the o transition of
the QD, so the QD strongly couples to the CCW WGM with
a large strength g, but decouples from the counterpropagating
CW WGM with a much smaller strength g,. Therefore, our
QD-resonator system is chiral and subsequently allows one
to realize the single-photon isolation. To consider a general
case in which the evanescent field of the ring resonator is not
perfectly circularly polarized, we define

a = |Eccw - e5+|/|Eccwl, (7a)
B = [Eccw - e5-|/|Eccwl, (7b)

with o> + 82 =1. « and B indicate the projection of the
field to the unit vectors e,+ and e,-, respectively. The modes
of the ring resonator are time-reversal symmetric. Therefore,
we have wccw = wcw and Eccw (r) = Efy, (r), implying that
|[Ecw - €5-1/|Ecw| = « and |[Ecw - €5+|/[Ecw| = B, and ac-
cording to Eq. (4), one has

®)

Thus, we can obtain o =./(1—-D)/2 and B =
/(A +D)/2. The evanescent field Eccw (Ecw) of the
CCW (CW) mode drives the o*-polarized transition of
the QD. According to Eq. (6), the coupling strengths
are |ga| o< |d - (Eccw - €5+)] and |[gy| o |d - (Ecw - €5+)l,
respectively. In this, we get

|gal = ag, (9a)
Igo| = Bg. (9b)
For instance, D = —1 corresponds to ¢ = 1 and 8 = 0, and

D = —0.99 corresponds to ¢ = +/0.995 and 8 = 4/0.005.

III. SINGLE-PHOTON ISOLATION

A. Steady-state transmission
We first investigate the single-photon isolation of our
system with the single-photon scattering method, developed
by Shen and Fan [80,81]. The Hamiltonian H modeling the
single-excitation system is given by

H/h = /dxcig(x)(a)o — ivgai>cR(x)
X

0 N
+ /dxc{(x) (wo + ivga—>cL(x) + (we — ikj)d'a
X
+ (we — ik)b'b + (e — iyq)aZae + an;ag

+ / dx8(x)(Vach (x)a + Vi a' cr (x))

043833-4
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+ f dx8(x)(Vocl (b + Vibler () + gaaSs

+gia’S_ + gobSy + gib'S_ + hb'a + h*a’b, (10)

where clz/L(x) is a bosonic operator creating a right- or left-
moving photon at x in the waveguide. For the resonator, a and
b' are the creation operators for the CCW and CW WGMs,
respectively; both have the same frequency w,. For the QD, a]
(ag) is the creation operator of the excited (ground) state of the
two-level system, and Sy = azag S = agae) is the raising
(lowering) operator. V, is the waveguide-resonator coupling
strength of each WGM. For our system, we have V, =V, =
V. The decay rate of the resonator due to the external coupling
V to the waveguide is given by ke = V2 /2vg, and v, is the
group velocity of the photon in the waveguide. k; and yq are
the intrinsic decay rate of the resonator and the relaxation rate
of the QD, respectively. Q2. — €2, (= wq) is the QD transition
frequency; & is the intermode backscattering strength, typi-
cally due to the surface roughness. The dephasing of the QD
is neglected because the QD is mostly populated in its ground
state.

A general single-excitation state for the system takes the
form [80,81]

) = / dx{fw (. DL () + B, el (0112)

+[Ca(t)a’ + 2o (1)b" +24(1)S1119), (11

associated with the eigenvalue w, so that X = e X with
X € {¢r, oL, €a, ev, eq}. PrL(x, ) is the single-photon wave

J

AlAcAg — (Igal* + 18011 + Agk2 — gigvh — gagih* — Aqlhl* +i(Igbl* — 181" kex

function of the right- or left-moving mode; e, is the ex-
citation amplitude of each respective WGM; and ¢ is the
excitation amplitude of the QD. |&) is the vacuum state,
which has zero photons in the system and with the QD in the
ground state. In order to solve the transmission amplitude of
an incident single photon, for a port 1 incident (right-moving)
photon at location x, we take [26,80,81]

PR+ (x) = 4 [O(—x) + 1.0 (X)],
¢ (x) = V+€_iqxe(—x)y

and for a port 2 incident (left-moving) photon, we take [26]

(12a)
(12b)

Pr-(x) = r_e'"o(x),
BL.(x) = e P[O(x) + 1_0(—x)],

where ¢ is the wave vector of the input field around the
frequency w, 1 is the forward (right-moving) or backward
(left-moving) transmission amplitude, and r is the forward
or backward reflection amplitude. 6(x) is the Heaviside
step function for which 6(x)|,—o = 1/2, %H—ﬂh =1, and
W) o = —1[26,80].

ox
Based on the Schrodinger equation in the real space

(13a)
(13b)

I
i) = HIp), (14)

for the Hamiltonian H of Eq. (10) and the state [y| of
Eq. (11), we can derive the steady-state forward and backward
transmission amplitudes, corresponding to the input to port 1
and port 2, respectively,

t, =

(Ac + iKex)[Aq(Ac + iKex) - (|gd|2 + |gb|2)] - gjgbh - gdgzh* - Aqlhl2
AdAcAq = (Igol* +18a1)] + Agid — ghgah — gvgih™ — Aglhl® + i(lgal* — o] )ex

; (15a)

where A, = 0 — w, + ikj and Ay = o — wq + iyq. We define
the detuning A, = w — w, and always assume w. = wq. The
forward and backward transmissions are Ty = |t,|*> and T_ =
|t_|?, respectively.

The steady-state forward and backward transmissions for
different detunings and OCs are shown in Figs. 6(a) and 6(b).
For our special design, we have D = —0.99 and |h| < ki,
confirmed by the singlet peak at 1.556 m of the transmission
of the bare resonator without the QD. The performance of the
single-photon isolation for D = —0.99 is shown in Fig. 6(a).
In the absence of the backscattering, i.e., # = 0, we obtain
T, ~0.99 and 7_ ~ 0 at A, = 0, corresponding to the in-
sertion loss of . = —101og(7y) ~ 0.04 dB and the isolation
contrast n = (T, — T-)/(Ty + T-) =~ 1 [26,33]. Obviously,
the single-photon isolation is achieved with almost zero insert
loss and near-unity isolation contrast. Even for a relatively
large backscattering || = k;j, both the forward and backward
transmissions only change very slightly, meaning a very small
reduction in the performance. The nonreciprocal bandwidth
is about 0.7« ~ 2w x 7GHz, limited by the available QD-
resonator coupling strength. To our best knowledge, this

(Ac + ike)[Ag(Ac + ikex) — (186> + 18al)] — g gah — gogih* — Aglhl?

, (15b)

(

spectral window is about two to three orders broader than the
previous achievements [10,17-19,27]. As seen from Fig. 6(b),
the isolation contrast is quite robust, decreasing slowly from 1
to 0.8 as the OC changes from —1 to —0.5, while the insertion
loss increases almost linearly in this region.

(b)

Transmission
(gp) sso| wasu|

N
FE— L Y
O AN WA OO N

-1 -08 -06 -04
D

I
N
o

FIG. 6. Single-photon transmission. (a) Steady-state transmis-
sions for |D| = 0.99. Red thin (blue thick) curves are for the forward
(backward) transmissions 7', (7-), without the backscattering, i.e.,
h = 0 (solid curves) and with a backscattering of || = «; (dashed
curves). (b) Isolation contrast (blue curve) and insertion loss (red
dashed curve) as a function of the OC D for h = 0. A, = Ay =0,
g~ 1.3%;, yq = 1073k;, and kex = K;.
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FIG. 7. Steady-state transmissions. Red thin (blue thick) curves are for the forward (backward) transmissions 7'y (7_). (a, d) The
steady-state transmission for |D| = 0.99, yq = 27 x 5.29MHz, and || = 0. Solid, dashed, and dotted curves are for g = 2«;, 1.5«;, and
ki, respectively. (b, e) The steady-state transmission for |D| = 0.99, g = 27 x 6.86 GHz, and |k| = 0. Solid, dashed, and dotted curves are
for yq/2m = 300 MHz, 600 MHz, and 1 GHz, respectively. (c, f) The steady-state transmission for [D| =0.99, g =27 x 6.86 GHz, and
Yq = 2 x 5.29 MHz. Solid, dashed, and dotted curves are for |h| = k;, 2«;, and 3k;, respectively.

Using the single-photon steady-state transmission in
Eq. (15), we can find the dependence of the forward and
backward transmissions on the coupling strengths g, ~ g and
the vanishing g,, the decay rate of the QD, y,, and the
backscattering h, as shown in Fig. 7. The bandwidth for
photon isolation is crucially dependent on the QD-resonator
interaction, but the isolation contrast remains unchanged at
resonance, i.e., at A, = 0. It can be seen from Figs. 7(a)
and 7(d) that the nonreciprocal spectral window becomes
narrower and narrower as the QD-resonator coupling strength
decreases. However, the performance of our optical isolator
is robust against the change of g in the vicinity of A./k =0
when g > «. For example, the bandwidth for g = 2«;, 1.5«;,
and «; is about 277 x 12.10, 27 x 7.90, and 27 x 3.95 GHz.
The change of the QD decay causes the increase of the insert
loss but has little influence on the nonreciprocal bandwidth
[see Figs. 7(b) and 7(e)]. The insert loss £ increases from
0.57t0 1.70 dB as yq increases from 2 x 300 MHz to 27 x 1
GHz. In contrast, the backscattering has a complicated impact
on the transmission spectra [see Figs. 7(c) and 7(f)]. Basically,
it reduces the bandwidth of photon isolation.

B. Time evolution

Many previous schemes for optical isolation suffer the
dynamic reciprocity problem when oppositely propagating
lights enter the system at the same time [82]. Our scheme can
circumvent this challenging problem. To prove this point, we
perform numerical simulations for the propagation of single-
photon wave packets incident to ports 1 and 2 simultaneously
[81,83] (see the numerical method in Appendix B), as shown
in Fig. 8. We set the velocity of light in the waveguide, v, = 1,
and apply the critical coupling condition. We apply Gaussian

single-photon pulses with a bandwidth of 0.2k. At resonance,
a right-moving single photon can pass through the system
with a transmission 7. = 0.91. In contrast, the backward
transmission probability of a left-moving single photon is
only 0.02.

IV. UNIDIRECTIONAL SINGLE-PHOTON EMISSION

When the QD is initially prepared in its excited state,
it will emit a single photon into either the CW resonator
mode or the CCW one in the strong-coupling regime. The
exiting path of the photon is determined by the populated
excited state of the QD. Therefore, by initializing the QD in a
spin-selective excited state, we can realize the unidirectional

03 -
:‘é
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< <
0.0 —

Kix/vg4

FIG. 8. Propagation of single-photon pulses incident to ports 1
and 2 simultaneously. Red thin (blue thick) curves show the forward
(backward) propagation of single-photon pulses input to port 1 (port
2). Solid curves are the input single-photon wave function, and
dashed curves are the transmitted wave function. Other parameters
are as in Fig. 6(a) but D = —1 for simplicity.
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FIG. 9. (a—d) Magnetic field distributions for a circularly polar-
ized dipole coupling to the microring resonator. Left (right) panels
show the magnetic field for a Gaussian-shaped o ~-polarized (o -
polarized) dipole with a duration of 7, = 110 ps. (a, b) Instantaneous
magnetic field |Re(H)| (for a higher visibility of the field in the
waveguide) at + = 30fs and (c, d) for |Re(H)| at t = 120 ps. (e)
Excitations of the waveguide mode for x; = 27 x 4.94 GHz (Q;, ~
3.9 x 10%), and ke = 10x;. (f) As in (e) but k; = 27 x 0.494 GHz,
and k. = 5k;. Other parameters in (e) and (f) are w. = wq, yq =
10~3k; and g = 27 x 6.86 GHz fixed.

emission of single photons with a deterministic polarization
(an eigenmode of the waveguide). We are interested in the
emission direction of photons. Thus, we replace the QD
with a circularly polarized Gaussian-pulse electric dipole,
Eq(t) = 47, 2 exp(—(t — 19)?/222) sin(ec(t — 7)), in
the FDTD simulation, where 7, is the duration of the dipole-
emitted photon pulse, and t4 the delay. When the QD is
prepared in the state | — 3/2) corresponding to a o ~-polarized
dipole, it exclusively excites the CW mode [see Fig. 9(a)].
The emitted single photon exits the system through port 1, as
shown in Fig. 9(c). When the state |3/2) is initially populated
(given a o *-polarized dipole), the CCW mode is excited, and
the single photon comes out from port 2 instead [see Figs. 9(b)
and 9(d)]. The dipole is on resonance with the WGM at
Ac = 1.556 um and 1, > 27 /k. We numerically solve the

quantum Langevin equations for calculating the single-photon
excitation collected by the waveguide [84] (see Appendix D).
For a low-Q resonator with Qi, ~ 3.9 x 10* and kex = 10k,
the emitted long-pulsed single photon is captured by the res-
onator and then is collected with an excitation of ~0.91 by the
waveguide [see Fig. 9(e)]. If the resonator intrinsic Q factor
can reach Q;, ~ 3.9 x 103 (already available experimentally
[55]), a time-bin single photon, useful in quantum information
technologies [85,86], is obtained with a total excitation of 0.83

[Fig. 9(H)].

V. DISCUSSION AND CONCLUSION

Beginning with the real material and practical parameters
in the existing experimental technologies, we have designed a
subwavelength ring resonator with strong evanescent field and
large optical chirality, allowing a strong and chiral coupling to
a QD. Using this chiral QD-resonator system, one can isolate
the backscattering of single photons. The optical isolation in
the quantum regime is an important building block in quan-
tum networks [87,88], quantum measurement [89], quantum
computation [90], and quantum entanglement [91].

Moreover, unidirectional single-photon emission with a de-
terministic polarization in space can be realized in our system.
Our proposal may provide a chip-compatible solution for the
challenging task in scalable quantum computation [92].

The reciprocal photon blockade has been extensively stud-
ied in strongly coupled QE-cavity systems [51,93,94]. It pro-
vides a useful manner for quantum information processing. A
nonreciprocal version may enable some novel applications. It
has only been proposed recently with a fast spinning resonator
[48]. Because the QD strongly couples to the CCW WGM but
decouples from the CW one, our solid-state device can also
perform nonreciprocal photon blockade without moving parts.

In conclusion, we have proposed a chiral single-photon in-
terface with a QD-resonator system. The evanescent e-field of
the resonator is strong and perfectly circularly polarized along
the whole side surfaces. Thus, the resulting strong light-matter
interaction with a near-unity OC can be achieved without the
requirement of precisely positioning the QD as the previous
works. We further show a gigahertz-bandwidth single-photon
isolator and controllable unidirectional emission of single
photons. Our protocol can be extended to a chiral quan-
tum system consisting of a subwavelength resonator interact-
ing with two-dimensional material or perovskites, prepared
and operating at room temperature [70-72,95-97]. It pro-
vides an on-chip platform for a multifunctional single-photon
interface.
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FIG. 10. (a) Structure for the waveguide-resonator device on a silica wafer. (b) Transmission spectrum of the microring resonator.

APPENDIX A: DESIGN OF A CHIRAL
MICRORING RESONATOR

In this section, we design a microring resonator on a
silica (Si0,) wafer with an OC and evaluate its performance
through numerical simulation using the commercial FDTD
mode solver software (Lumerical MODE solutions). In the
simulations, the perfect match layer (PML) boundary con-
ditions were applied in both x and y axes; metal boundary
conditions were applied in z axes. A mesh size of 10 nm for
the optical structure region was utilized. We consider a TE
mode input. The simulation time step is chosen to be 0.023 fs.
We focus on the OC and the strength of the evanescent e-
field close to the side surface perpendicular to the plane. The
evanescent e-field becomes stronger and the OC increases as
the cross section of the resonator decreases. To obtain a large
OC and a strong evanescent e-field, the cross section of the
resonator is designed to have a subwavelength width. We are
interested in a resonance mode group around the communica-
tion wavelength, i.e., A ~ 1.55 um. In this, the material sili-
con is transparent for all involved resonator modes. Through
numerical simulation, we optimize the waveguide-resonator
device for the width. The structure of the device is shown in
Fig. 10(a). The resonator and the waveguide have the same
width w = 440nm and height 2~ = 220nm. The radius of
the resonator is R. The gap between the resonator and the
waveguide is G = 190 nm. We first find a resonance mode at
A & 1.556 um for R = 4.22 pm. This resonance mode can be
seen from the dip of the transmission spectrum at 1.556 um,
shown in Fig. 11(a). The vanishing small transmission at this
mode indicates that the external decay rate k¢ due to the loss

() 150 150
100 100
/’f_\
p—
50 - 50
0 0

Port 1 Port 2

FIG. 11. Intensity distribution |E(1‘)|2 of the resonator mode at
1.556-um wavelength in the microring resonator. White lines and
circles indicate the boundaries of the waveguide and the resonator.
(a) The intensity distribution in the whole resonator system. (b) A
zoom-in profile within the green box in (a).

to the waveguide is equal to the intrinsic decay rate k; of
the resonator. This means that the critical coupling regime is
achieved when the waveguide separates from the resonator by
G = 190 nm. The total decay rate is k = Kex + K;-

Part of the transmission spectrum of the microring res-
onator is shown in Fig. 10(b). Here we show the transmissions
of four modes. The mode with an on-resonance wavelength
Ae & 1.556 um, corresponding to the resonance frequency
w: ~ 2w x 192.67 THz, is under the critical coupling condi-
tion and thus its transmission spectrum is nearly zero. The
overall quality (Q) factor of the resonator mode can be calcu-
lated from the half-height full width, i.e., the linewidth, of the
transmission. It is determined by the total decay rate. Under
the critical coupling condition, the intrinsic quality factor Qj,
is twice this overall Q factor. Thus, we find Q;, ~ 3.9 x 10*
by calculating the linewidth of the transmission spectrum. The
corresponding intrinsic decay rate of this resonator mode is
thus «; = @./Qin & 21 x 4.94 GHz. Through the investiga-
tion below, we focus on this mode at A, = 1.556 um.

The profile of this mode is shown in Fig. 11. It is clear that
the evanescent e-field along both outside and inside surfaces is
greatly enhanced in comparison with the conventional bottle-
shaped chiral resonator. Hence, it is comparable with the
maximal value of the e-field in the middle of the resonator [see
Fig. 11(b)]. It can be seen from the smooth spatial distribution
of the e-field in Fig. 11 and the singlet dip of the transmission
spectrum at ~1.556 um in Fig. 10(b) that the intermode
backscattering is very small and can be neglected.

APPENDIX B: TIME EVOLUTION OF
SINGLE-PHOTON PULSES

The steady-state solution has shown the isolation when a
single photon is injected into either the forward or backward
direction. Here, we check how well our single-photon isolator
works when single-photon wave packets enter the system
from two opposite directions simultaneously. To do so, we
numerically simulate the time evolution of a single-photon
pulse in the wave-vector (k) space. We concentrate on the
propagation of the single-photon wave packets through the
QD-resonator system in the ideal case with a unity OC, i.e.,
|D| = 1. We start our discussion from the Hamiltonian of the
system in the k space, H = Hy + Hj [81,83]:

Ho/h = / dkaxe ok + / dkoxd, di + (o, — iki)a'a

+ (we — iki)b'b + (wq — iyq)alae, (B1)
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Hi/h = / dkVi(cja+a'ep) + / dKVi(db + b'dy)

+g(Sya+a'S.), (B2)

where Hj is the Hamiltonian of the system, including the
waveguide, ring resonator, and the QD, and Hj is the Hamilto-
nian of the interaction between the waveguide and the ring
resonator, and the QD-resonator interaction; c;i (dlz) is the
creation operator for the right-moving (left-moving) photon
with a wave vector k; Vi is the coupling strength of the
resonator mode and the waveguide mode with a wave vector
k; and the definitions of a, az, S, S, we, wg, ki, Vg, and g
are the same as in Sec. III.

For an arbitrary frequency wq of a propagating waveguide
mode that is away from the cutoff of the dispersion, with
the corresponding wave vector £Kg, one can approximate wy
around k( and —Kkg as [83]

/ d kwkci Ck /
k~k, k>~ko

/ dka)kcick ~ / dk[wy — vg(k + kO)]CliCk-
k~—k k~—ko

dk[wo + ve(k — ko)lcfex, (B3)

(B4)

In our system, we define A, = wp — w. and Aq = wy —
wq. When the resonance frequency of the QD is away from
the cutoff frequency of the dispersion relation, we can rewrite
the Hamiltonian in the k space as

Ho/h = v, Y (k — Kook — vy Y (K + Ko)dyidi
k k

— (A + i/q)afa — (A + i/ci)b%b —(Ag+ iyq)alae,
(B5)

Hi/h = Vilcja+a'e)+ Y Vildib+b'dy)
k k

+g(Spa+a'So). (B6)

For a single-photon wave packet, the general state of the
system takes the form [80]

W) =Y ¢ik.0cf|2) + Y pik. )d|D) + ex(t)a’|2)
k k

+ep(t)b'| D) + eq(1)S+|D), (B7)

where ¢f (¢9) is the wave packet of the right-moving (left-
moving) photon appearing at x in the waveguide. e, (ep) is the
excitation of the CCW (CW) WGM, ¢, is the excitation of
the QD in the o " -polarized transition, and |@) is the vacuum
state.

Substituting Eqs. (B5)—-(B7) into the Schrodinger equation
ih%hﬂ) = H|yr), we get the following set of equations of
motion for the propagation of single-photon wave packets in
the k space:

i pp(k, 1) = va(k — Ko)pg (K, 1) + Vicea(t),
ik, 1) = —ve(k + ko)pp (k, ) + Viep(t),

(B8a)
(B8b)
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FIG. 12. The (a) forward and (b) backward transmissions of the
steady-state solution (red solid curves) and numerical results (blue
dashed curves).

idrea(t) = —(Ac + iki)ealt) + Vi (K, 1) + geq(?),

(B8&¢)
idren(t) = —(Ac + ikien(t) + Vipp (K, 1), (B8d)
iateq(t) = _(Aq + i]/q)eq(t) + gea(?). (B8e)

Numerical integration of this set of derivative equations can
obtain the time evolution of the photon wave packet. In our
case, we need the initial state for the input ¢ (k,0) and
¢l‘(1(k, 0), which can be found from ¢ (x, 0) and ¢_(x, 0) by
applying the Fourier transformation. We assume that Vy =V
for all k within the band of the input single-photon pulse.
Here, we assume Gaussian pulse wave-packet in-
puts from both the left-hand and right-hand sides at
the same time such that ¢(x,0) = ¢, (x,0)+ ¢_(x,0)
where ¢ (x, 0) = w47, /2 exp(—(x — x0,)%/272)/~/2 and

o_(x,0) = 71‘1/4rp_1/2 exp(—(x—xoR)z/Zr}f)/ﬁ, where T,
is the spatial duration of the pulse, and xp (xo,) in-
dicates the position away from the resonator in the
left-hand (right-hand) side. The input is normalized to
include a single excitation, ff;o ¢*(x, 0)p(x, 0)dx = 1.
However, the input is a superposition of the single-
photon wave packet with fj;o ¢4 (x, 0)¢(x,0)dx = 1/2 and

[209% (x, 0)p_(x, 0)dx = 1/2. We set the velocity of light
in the waveguide v, = 1, and choose a number for V' such
that the critical coupling condition holds. Other parameters
are g = 1.39%; and yq = 1073k;.

Then we solve the Egs. (B8) and obtain the solution with
the state (¢ (K, 7)), qbﬂ(k, tn)) as the photon wave packets
pass through the QD-resonator system at ¢t = ¢,,. After obtain-
ing these wave packets in k space, we do the inverse Fourier
transformation to get ¢, (x,?,) and ¢_(x,t,) in real space.
Finally, we obtain time-dependent transport of this single-
photon wave packet that is presented in Sec. III (see Fig. 8).

We also numerically solve the transmission spectra using
the same parameters but a short input single-photon pulse.
The numerical results are in excellent agreement with the
stead-state solutions (see Fig. 12). The numerical and analytic
solutions are completely overlapped.

APPENDIX C: INFLUENCE OF BACKSCATTERING

Here we discuss the influence of the backscattering in
the resonator due to some impurity or surface roughness.
Basically, the backscattering causes the coupling between
the two opposite-propagation modes, i.e., the CW and CCW
modes. For example, the left-hand incident photon excites the
CCW mode dominantly. In the presence of a backscattering,
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the CCW mode couples to the CW mode to some degree.
Phenomenally, it results in the splitting of the transmission
spectrum. However, a large decay rate of the resonator mode,
corresponding to a low Q factor, can significantly suppress
the backscattering process. To evaluate the influence of the
backscattering on the performance of our device, we consider
a backscattering rate A, resulting in an interaction Hamiltonian
Hy. = ha'b + h*ab’. We denote the CCW and CW modes
a and b. These two ring resonator modes typically have the
same intrinsic decay rate «; and the same external decay rate
Kkex such that k = k; + k. They have a degenerate resonance
frequency. The quantum Langevin equation describing the
motion of these two modes, driven by an external field with
a detuning A;,, takes the form

a = —iApa —ka+ +/2Kkexin — ihb,

b= —iAya — kb — ih*a,

(Cla)
(Clb)

for where the input «j, excites the mode a. We can easily get
the steady-state solution as

a = (i Ain + K)/2Kkexin

, C2
(B k)2 1 | (G20
—IN* /2K exOlin (C2b)

T (iBm+ 2+ I

Thus, we have |b/a|*> = |h|?/«? for Aj, = 0. This means that
the influence of the backscattering is very small if |h| < «.
Therefore, the transmission spectrum of a ring resonator with
a low Q factor will be robust against the backscattering. In
other words, the excitation of its unwanted mode (here it is
the CW mode b) due to the backscattering is negligible.

APPENDIX D: TIME-BIN EMISSION

We consider an interaction between a two-level system
(a single prepared QD) and a cavity mode. In our case, the
two-level system is a negatively charged QD prepared in one
of the hole-spin excited states. Thus, it emits a single photon
into either the CCW mode or the CW mode. The cavity
mode has a decay rate of k¥ = k; + kex as mentioned above.

Before discussing the single-photon emission, we first present
a formula for the efficient collection of photons decaying from
the cavity without the QD to the nearby waveguide. Assuming
that the bare cavity is prepared in a state with photon number
(a*(0)a(0)), the evolution of the bare cavity is governed by
the quantum Langevin equation

a(t) = — (ki + Kex)a(?). (D1)
The solution is
a(t) = e~ it e 4(0). (D2)
The photon number in the cavity is
(a' (t)a(r)) = e >€ ) (a" (0)a(0)). (D3)

In the absence of external driving, using the input-output
relation aoy = +/2kex, the total photon number collected in
the waveguide can be calculated as

+00
e = / (o (1 atou (1))
0

+o0
= Qkex f (@ (t)a(t))dt
0

= e (D4)
Kex 1 Ki
Thus, to collect the photons from the cavity efficiently,
we need that the waveguide is overcoupled to the cavity, i.e.,
Kex > Ki.
For the single-photon emission, no external field is input
into the system. The Hamiltonian describing the dynamics of
the system can be written as

H=wa'a+ wSiS- + gSia+a's.), (D5)

where the definitions of af, S+, S_, @, wy, and g are the same
as in Sec. III.

In our case, we have v, = w, and y; < «. We use Tan’s
quantum toolbox [84] to simulate the evolution of the QD-
resonator system and calculate the excitation of a single
photon entering the waveguide. The numerical result is shown
in Figs. 9(e) and 9(f).
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