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Chapter

Optical Chirality and
Single-Photon Isolation

Lei Tang and Keyu Xia

Abstract

Optical isolation is important for protecting a laser from damage due to the
detrimental back reflection of light. It typically relies on breaking Lorentz reciproc-
ity and normally is achieved via the Faraday magneto-optical effect, requiring a
strong external magnetic field. Single-photon isolation, the quantum counterpart of
optical isolation, is the key functional component in quantum information
processing, but its realization is challenging. In this chapter, we present all-optical
schemes for isolating the backscattering from single photons. In the first scheme,
we show the single-photon isolation can be realized by using a chiral quantum
optical system, in which a quantum emitter asymmetrically couples to
nanowaveguide modes or whispering-gallery modes with high optical chirality.
Secondly, we propose a chiral optical Kerr nonlinearity to bypass the so-called
dynamical reciprocity in nonlinear optics and then achieve room-temperature pho-
ton isolation with low insertion loss. The concepts we present may pave the way for
quantum information processing in an unconventional way.

Keywords: single-photon isolation, optical chirality, chiral light-matter interaction,
optical isolator, optical circulator, chiral Kerr nonlinearity

1. Introduction

Controlling the flow of light is extremely essential for quantum information
processing in integrated optical circuits. Nonreciprocal propagation of light at the
single-photon level is in great demand for applications in quantum networks [1, 2],
quantum computing [3], quantum entanglement [4], and quantum measurement
[5]. For this purpose, nonreciprocal photonic elements, such as optical isolators and
circulators, processing and routing of photonic signals at ultralow light level, or
single-photon level in integrated optical circuits has been attracting a lot of interest.

The conventional implementations of nonreciprocal optical devices are achieved
by using the Faraday magneto-optical effect. However, such Faraday-effect-based
devices suffer large optical losses and conflict with miniaturization and integration.
To date, integrated nonreciprocal photonic elements have been demonstrated via
magneto-optical effect [6, 7], optical nonlinearity [8-10], and opto-mechanical
system [11-13]. Very recently, Dong et al. proposed and experimentally realized a
scheme to achieve a true single-photon non-reciprocity in a cold atomic ensemble
[14]. However, most of these devices cannot achieve high isolations, low losses, and
compatibility with single-photon level at the same time.
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Nanophotonic devices control and confine the flow of light at a subwavelength
scale. The strong confinement in these structures yields optical chirality, which is an
inherent link between local polarization and the propagating direction of light [15].
If quantum emitters are embedded in these structures, chiral light-matter interac-
tion is obtained, leading to propagation-direction-dependent emission, absorption,
and scattering of photons. As a result, chiral light-matter interaction can be used to
break time symmetry and achieve on-chip single-photon isolation. Some feasible
schemes based on chiral quantum optics have been proposed to realize non-
reciprocity at the single-photon level [16, 17], and optical isolators and circulators
have been experimentally demonstrated in full quantum regime [18, 19].

Besides strong confinement of light, atoms can induce optical chirality. Here,
optical chirality is chiral cross-Kerr (XKerr) nonlinearity induced in atoms. As a
result of the chirality of atomic nonlinearity, the phases and transmission ampli-
tudes of the forward- and backward-moving probe fields are sufficiently different
after passing through atoms in two opposite directions. Thus, chiral XKerr
nonlinear can achieve chip-compatible optical isolation with high isolation and low
insert losses [20]. And very recently, XKerr-based optical isolators and circulators
for high isolation, low loss, and an ultralow probe field at room temperature have
been experimentally demonstrated [21].

2. Optical chirality and chiral light-matter interaction

The strong light confinement in subwavelength structures, e.g., nanofibers,
nanowaveguides, or whispering-gallery mode (WGM) microresonators, can lock the
local polarization of the light to its propagation direction. In these structures, the light
is strongly confined transversely, leading to a longitudinal component of the electric
field (e-field), which is parallel with the propagation direction. The longitudinal and
transverse components, denoted as E; and E |, respectively, are comparable, and the
former oscillates /2 radians out of phase with respect to the latter, with the =+ sign
depending on the propagation direction of the light (forward or backward) [15]:

Ejocal = E| +iE) . (1)

As a consequence, the local polarization of the light is elliptical, yielding a
transverse spin angular momentum component, whose e-field rotates around an
axis perpendicular to the propagation direction. The transverse spin components
flip sign when the propagation of light reverses. This correlation of the polarization
and the propagation direction is named the spin-momentum locking (SML) [15].
For the ideal case, |E, | = |E]|, the e-field is circularly polarized.

In order to characterize what degree the e-field is locked to the momentum or
what percentage of circular polarization of the local light in the nanostructures, the
circular polarization unit vectors are defined as

L xtiy
6 = ,
V2
where 6 is for the right circularly polarized unit vector and 6~ for the left

circularly polarized one and x and y are unit vectors along the x and y directions.
Thus, the optical chirality (OC) of an e-field is defined as [17, 22]:

(2)

E(r) - 67" — |E(r) - 6]

C= 2
|E(r)]

(3)
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Obviously, the OC is limited to a region from —1 to 1. Note that the value C =
1(—1) implies the e-field is entirely 6 -(¢"-) polarized, while C = 0 corresponds to a
linear polarization. The intensity difference between the right circularly (¢*) and
the left circularly (67) polarized components at the position r is calculated by D =
[E(r) -6~ — |E(x) - 67 [".

Then we focus on the interaction between the light possessing photonic SML and
chiral quantum emitters with polarization-dependent dipole transitions. If a pair of
counter-propagating spin-momentum-locked light interacts with quantum emit-
ters, the interaction becomes chiral. In other words, the interaction strength for
forward- and backward-propagating light modes is different. In this case, photon
emission, absorption, and scattering become unidirectional. As a result, optical
nonreciprocal flow of light can be achieved when a quantum emitter with degener-
ate transitions is populated in a specific spin state or one can shift the transition
energy to make it couple (decouple) with one of the two of counter-propagating
modes. On the basis of these effects, optical isolation can be realized at the single-
photon level, which enables nonreciprocal single-photon devices, e.g., single-
photon isolator and circulator. Next, we introduce the realization of single-photon
isolators and circulators based on chiral light-matter interaction.

3. Single-photon isolation using chiral light-matter interaction

A single-photon isolator and circulator can be achieved by chirally coupling a
quantum emitter to a passive, linear nanophotonic waveguide ora WGM
microresonator which possesses optical chirality.

3.1 Single-photon isolator based on a nanophotonic waveguide

The type-I single-photon isolator is based on a line defect photonic crystal
waveguide [16]. By carefully engineering the photonic crystal waveguide, it can
have an in-plane circular polarization, and counter-propagating modes are counter
circulating [22]. A quantum emitter is doped at the position where the waveguide
possesses only the right-propagating 6" -polarized light or left-propagating ¢~ -
polarized light, as shown in Figure 1a. The doped emitter strongly interacts with the
o' -polarized light but weakly couples to the 6~ -polarized light. As a result, the
time-reverse symmetry of the waveguide-emitter system breaks. The emitter scat-
ters the forward- (right-) propagating single photons into an open environment
whereas behaves transparently for the backward- (left-) propagating photons.

The steady-state transmission for the two atomic transitions coupling with
waveguide is calculated by using the photon transport method [16, 23, 24]

o —wg—i(yy —Ty)
®—wg +i(y. —Tx)

; (4)

ti(w)

where o is the frequency of the input photon and w, is the frequency of the
atomic transition. The detuning is defined as A = 0w, — @. InT'y = Vi /20y, V. is the

coupling strength between the atom and the field in the waveguide, which is propor-
tional to the atomic dipole moments y , and v, is the group velocity of the photon in

the waveguide. A Cs atom is used as the quantum emitter so that 4, = /45u_,and y,,
I+  |u.|*. Asa consequence, 7, /y_ = I'; /T_ > 1. The transmission is defined as
T. = |t+|*. The isolation contrast is evaluated as Y’ = (T, — T_) /(T + T_) [23].
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Figure 1.

Schematics of the single-photon isolators. (a) Single-photon isolator based on a photonic crystal waveguide
asymmetrically coupling with a quantum emitter. The waveguide possesses local circular polarization, and its
rotating direction is dependent on the propagating direction [16]. The quantum emitter is doped in these specific
sites. (b) Single-photon isolator based on a photonic nanofiber asymmetrically coupling with quantum emitters.
The nanofiber is realized as the waist of a tapered silica fiber, whose evanescent fields exhibit propagation-
direction-dependent circular polavization [18]. Quantum emitters arve located in the vicinity of the nanofiber.
(c) Energy-level diagram for a quantum emitter with unbalanced decay rates y, >y _ and diffevent coupling
strengths with o*-polarized light g, >g_. The states |e.,) and |g) corvespond to excited states and a ground state,
respectively, and the transition |g) < le.,) is driven by o™ -polarized light, while g) < le_,) transition is driven
by o~ -polariged light. Here, quantum emitters can be Cs atoms [25], Rb atoms [26], or quantum dots [27].

Due to the coupling of the atom to the waveguide and open environment, the
ratio of atomic dissipation rate issettoa =T", /y, =T_/y_. If a~1, the single-
photon isolation is achieved, as shown in Figure 2a. Obviously, T is almost equal
to unity for a right-hand input, while T, is small if 10 <|A|/y_ <30. Note that the
transmissions are the same, ~ 0 at A = 0 for both of the right-handed and left-
handed inputs. At vanishing detuning, irrespective of the propagating direction,
photons cannot be transmitted through the waveguide. However, the linewidths of
the dips for the left-handed input (blue solid line) are much broader than those for
the right-handed input (red dashed line). Because of this directionality-dependent
linewidth, a single-photon wave packet with a duration I'.' <7< I'_! when inci-
dent from the right is mostly transmitted through the waveguide, while when it is
incident from the left, it is mostly scattered away to the open environment. Note
that the performance of the single-photon isolation is dependent on the ratio a. As
seen from Figure 2b, a good nonreciprocal behavior occurs only around the critical
coupling a1, and if 5a <|A|/y_ <10a and 0.53 < a < 1.8, the isolation contrast Y
can be larger than 0.8.

Low-loss silica nanophotonic waveguides with a strongly nonreciprocal trans-
mission controlled by the internal state of spin-polarized atoms have been
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Figure 2.

(a) Steady-state transmission as a function of A for a = 1. Solid blue curve is for transmission T ., and dashed
red curve is for transmission T_. (b) Isolation contrast as a function of a. Solid blue curve indicates Y for
|Al/y_ = 100a and dashed red curve for |A|/y_ = 5a. The two curves are mostly overlapped. Figures are
reproduced with permission from [16].
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demonstrated [18]. In the experiment, an ensemble of individual cesium atoms is
located in the vicinity of a subwavelength-diameter silica nanofiber (250-nm
radius) trapped in a nanofiber-based two-color optical dipole trap [28]. As shown
in Figure 1b, a quasilinearly polarized light incident to the nanofiber exhibits
chiral character at the position of the atoms: when the evanescent field propa-
gates in the forward direction, it is almost fully 6" -polarized, while it is almost
fully 6~ -polarized if it propagates in the backward direction [18]. The experi-
mental results show that the probe light with a power of 0.8 pW, corresponding
to about 0.1 photon per excited-state lifetime, incident into nanofiber from dif-
ferent port obtains nonreciprocal transmissions, T = 0.13+0.01and T_ =

0.78 £ 0.02, yielding an isolation 7 = 10|log (T /T )| = 7.8 dB [18]. Further-
more, trapping more atoms in the vicinity of the nanofiber can increase the
isolation [18].

3.2 Single-photon isolator and circulator based on a WGM microresonator

The type-II single-photon isolator is based on a WGM microresonator. In this
setup, when the linear polarized light enters the bus-waveguide from port Py, it
excites a 6" -polarized counterclockwise (CCW) mode, while when it is incident
from port P, it drives 6~ -polarized clockwise (CW) mode [16]. As a result, the two
counter-propagating modes in the WGM microresonator couple to a quantum
emitter with different dipole moments y, and y_ corresponding to coupling
strengthg, andg_.

The transmission into the bus and drop waveguides are calculated by [16].

2ik 1
ti,B(a)) =1+ = Lg ’2 > (5)
W, — W — K — wq_‘:l’t—_%
21\/1(‘ 1Kex2
ti’D<a)) — ex ex |g |2 ) (6)
. +
W, — @ — 1K — m

where K,.1(2) = V%(z) /2v, is the decay rate of the resonator due to the external
coupling V75 to the bus (drop) waveguide, and the photons in both of the bus and
drop waveguides have the same group velocity v, assumed. The total decay rate of
the resonator is k = k; + Kex1 + Kex2 Where k; is the intrinsic decay rate of the
resonator. The detuning is defined as A = w. — w, and @, = w, is assumed where o,
is the resonating frequency of the resonator and w, is the transition frequency of the
quantum emitter.

In the configuration of this device, if the drop waveguide is removed, i.e.,
kex2 = 0, single-photon isolator is achieved (see Figure 3). In this case, T, p is
substituted with T'.. As shown in Figure 4, ifg = Oandg, >x;,atA=0,T, =1,
while T ~ 0. This can be achieved by using a negatively charged quantum dot as
the quantum emitter [27]. If |g_|> 0 and A x 0, the nonreciprocal window disap-
pears. However, when |[A|~|g_|, 7, = 0, and g /k; > 1, the right-moving photon
can pass through the device, corresponding to T, = 1 (solid blue curve), while the
left-moving photon decays into the environment via the resonator, corresponding
to T_ = 0 (solid red curve). At |A| = |g_ |, the optical nonreciprocity is reversed. The
device is transparent for left-moving photon but blocks the right-moving photon.
If y . > k;, the part of the excitation of the right-moving photon can pass through
the device (dotted green curve).
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Figure 3.

Schematic of the single-photon isolator or circulator. There is a quantum emitter doped in a WGM
microvesonator, which possesses a ot -polarized CCW mode and a 6~ -polarized CW mode. The microvesonator
couples to a lower bus waveguide with a rate k.1 and a upper drop waveguide with a rate K.x. Reproduced
with permission from [16].

O
co O

Transmission

oo oo
eI (O B @)

20 —-10 0 10 20

Figure 4.

Steady-state transmissions of the single-photon isolator using a WGM microresonator in the absence of the drop
waveguide, i.e., Kex, = 0, and under the critical coupling condition K., = ;. Dashed and solid curves are for
the transmission T wheng_ = 0 and g _ = g /\/45, while solid blue and dotted green curves are for the

transmission T when y, = 0 and y, = 3k, respectively. g, = 10x;. Reproduced with permission from [16].

A WGM bottle microresonator coupling to the optical fiber and a single **Rb
atom to realize the type-II optical isolator has been demonstrated [18]. In the
experiment, for the bottle microresonator, it sustains WGMs with ultrahigh quality
factor and small mode volume [26]. As a result of strong transverse confined, its
evanescent fields of WGMs are almost fully circularly polarized, with OC C>0.96
[26]. The single ®Rb atom is prepared in the outermost mp = 3 Zeeman substrate of
the F = 3 hyperfine ground state. As seen from Figure 1c, the states |e1) and |e_1)
correspond to the excited states |F' = 4,mp = +4) and |F' = 4,mp = +2), respec-
tively. In the experiment, the transition |g) — |e;1) is much stronger than the |g) —
le_1) transition, corresponding to the coupling strength, g, and g _, between the
atom and the two counterrotating WGMs, yielding g, /g = 5.8 [18]. The experi-
mental results show that when the probe light with power of 3 pW, corresponding
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to about 0.2 photon per resonator lifetime, obtains nonreciprocal transmissions
through the system of Ty = 0.72 + 0.02 in the forward direction and T_ =
0.03 + 0.01 in the backward direction, yielding an isolation F = 13 dB.

The single-photon circulator consists of two waveguides and a WGM
microresonator, and both of the bus and drop waveguides overcouple to the reso-
nator, i.e., kp1 = Kex2 = 3k; (see Figure 3). As seen from Figure 5a, at A ~ 0, for
port P; input a;,, most excitation of the photon can transport to the bus-waveguide
port P, T, g = 0.85 (solid blue curve), while the output to the drop-waveguide
port P, is vanishingly small (dashed blue curve). As for port P, input f;,, there is a
dip (peak) in the transmission T p (T_ g), but the linewidth is very small, ~ 0.16x;,
as shown in Figure 5a. In contrast, the whole transmission spectrum has a linewidth
of 11k;. As a result, a single-photon pulse bandwidth 0.16k; <« AB < 11x; can transport
to the drop-waveguide port P; with a probability of 0.74. The probability of trans-
mitting to the bus-waveguide port P; is small, ~ 0.02, yielding a contrast 0.95. The
numerical simulations of the propagation of a single-photon pulse are performed in
[16], which match the analytic forms well (see gray curves in Figure 5a). If [A| ~g_,
T,p=0.835totheP,;, T, p=0.032toP4,and T_p = 0.021tothe P;, T_p = 0.733
to P3. As a consequence, the device forms a P; — P, — P; circulator. The single-
photon incident from port P; transmits to port P,, but the photon entering port P,
comes out from port P3.

If A ~ 0, the numerical simulations of the propagation of a single-photon pulse
in time as it passed through the circulator are performed in [16]. Figure 5b shows

Gaussian pulse wave packets, ¢(x, 0) B = 7%/ e~ (x—%0)*/ 2 incident from port Pq
and P, at the same time ¢,. The transmissions are calculated by T z/p =
J‘j;o(ﬁj:’B/D (x, td)c,b(x, td)dx to be {T+,B, T,,B, T+,D, T,,D} = {09, 0.178, 0.02, 0675}

excitations output to port {P,, P1, P4, P3}. Obviously, a three-port circulator at the
single-photon level is achieved.

Note that if the states are initially populated to 162, /2, F = 4,m = —4) for Cs
atoms or |5°S;)», F = 3,m = —3) for Rb atoms, u, < i_, the optical nonreciprocity
can be reversed, and the single-photon circulator forms a P, — P; — P, circulator.
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Figure 5.

(a) Steady-state transmissions of the single-photon circulator using a WGM microvesonator and both of the bus
and drop waveguides overcouple to the resonator, i.e., Kex; = Kex, = 3ki. Solid blue (ved) curve is for the
transmission T g (T_ ) in the bus waveguide, while the dashed blue (ved) curve is for the transmission Ty p
(T_ p) in the drop waveguide. The gray curves are the vesults from numerical simulations, which mostly
overlap with other curves. g = 5k;, g_ =g, /\/45, v = 0.3ki, and y_ =y, [45. (b) Propagation of single-
photon pulses with ~ 4x; in the resonator for A = 0 and v, = 1 x 10%m/s. Blue (ved) lines are for the input
and transmitted excitations for the left-handed (vight-handed) input. The arrows indicate the moving
divections of photons. Reproduced with permission from [16].
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A quantum optical circulator operated by a single atom has been demonstrated
[19]. In the experiment, a single 8Rb atom is coupled to the WGM of a bottle
microresonator, which is interfaced by two tapered fiber couplers, realizing a four-
port device. The single 8°Rb atom is prepared in the outermost Zeeman sublevel
mp = +3 of the 55;),, F = 3 hyperfine ground state. The light in the CCW mode
excites state |F' = 4,mp = +4) more strongly than CW mode exciting |F' =
4,mp = +2) state, corresponding to coupling strength of resonator modes and the
atom, g, >g_. The presence of the atom changes the resonator field decay rate from
Ktot = Ki + Kex1 + Kex2 0 Kior + ', where I'y. = gzi /v is the direction-dependent
atom-induced loss rate [19] and y = 27 x 3 MHz is the dipole decay rate of Rb. For
the CW mode, I'_ is small, and the resonator field decay rate is not substantially
modified by the atom, whereas for the CCW mode, I'; can become comparable
with or even exceed kot As a result, when light is incident into the device from
ports P, and P, for which it couples to the CW mode (see Figure 3), the add-drop
functionality is achieved. However, for the two other input ports P; and P3, the light
couples to the CCW mode, and the incident light field remains in its initial fiber in
the condition of the resonator-atom system operating in the undercoupled regime,
Kex1> Kex2 < I'y. Overall, the device realizes an optical circulator that routes light
from the input port P; to the adjacent output port P; 1 withi€{1,2,3,4} (see
Figure 3).

In the experiment, the transmissions T;; to all output ports P; when sending a
weak coherent probe field into the four different input ports P; have been measured
[19]. And the performance of the circulator can be quantified with the fidelity 7
and the average photon survival probability . The fidelity is evaluated as the
overlap of the renormalized transmission matrix T = (T;/n;) with the one expected

for the ideal circulator, T'%. Here, 5; = 3, T}y is the survival probability of a photon
entering port P;. Thus, the average operation fidelity of the circulator is [19]

_ Te[TTT) )
o Tr [TidTid’ T} ’
giving the probability of the correct circulator operation average over various

inputs. The minimum fidelity is F = 0, whereas J' = 1 is reached for ideal opera-

tion. The experimental results show an optimum circulator performance for

Kot/ 2k; = 2.2, where F = 0.72 + 0.03 and, at the same time, 7 = 0.73 £+ 0.04.
Furthermore, the circulator performance can also be quantified by the isolations [19].

I; =101log (T iv1/Tis1,i) - (8)

For the optimum working point, it achieves {J;} = {10.9 £2.5,6.8+1.3,4.7 +
0.7,5.4 1.1} dB and an average insertion loss of —10 logy = 1.4 dB [19].

Note that when the atom is prepared in the opposite Zeeman ground state, F =
3,mp = —3, the operation direction of the circulator is reversed.

The type-III single-photon isolator is based on a microring resonator coupling to
a QD and a nearby waveguide [17]. In the approach, the silicon microring resonator
in which light is tightly transversely confined has an exceptionally strong evanes-
cent e-field and a near-unity OC surrounding the whole outside and inside walls of
the resonator. By initializing a quantum dot (QD) in a specific spin ground state or
using the optical Stark control, a broadband single-photon isolation over several
gigahertz is achieved.

The QD-resonator system consists of a silicon waveguide, a silicon microring
resonator, and a single negatively charged quantum dot (QD). Numerical
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simulations using the finite-difference time-domain (FDTD) method are performed
to calculate the properties of the resonator. At the resonant wavelength 1, ~

1.556 pm, the intrinsic quality factor Q;, is about 3.9 x 10*, and the mode volume
V., is about 1.55 pm3. The corresponding resonance frequency and the intrinsic
decay rate are w,/27~192.67 THz and k; /27 ~ 4.94 GHz, respectively, yielding a
total decay rate of k = k. + k; & 27 x 9.88 GHz, where WGMs decay into the
waveguide at the rate k., and k., = k; at resonance.

When the light enters the waveguide from port P;(P,) with transverse electric
mode and excites the CCW (CW) WGMs, the evanescent fields of interest circu-
lating around the sidewalls of the resonator are tightly confined in the transverse
direction as a transverse magnetic mode. The e-field distribution and the OC of the
microring resonator are numerically investigated by FDTD simulation. For a TE
mode incident to port P;(P,), the intensity difference distribution D is shown in
Figure 6a—c. When the light enters the waveguide from port P;, the outer (inner)
evanescent field of the WGM is 6" -(6™-) polarized, indicated by C~ — 1(1), as
shown in Figure 6b. For the light incident to port P,, the polarization of the
evanescent field is reversed, as shown in Figure 6d. Note that in this resonator,
|C| > 0.99 from the surface of the outside wall to a position 280 nm away in the
radial direction [17]. This large chiral area greatly relaxes the requirement for
precisely positioning a QD. Importantly, the intensities of the evanescent fields near
the outside wall are almost equal to that in the middle of the resonator, and they are
still strong even at a position tens of nanometers away from the surface. These
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Figure 6.

(a, ¢) Intensity difference D and (b, d) optical chirality C for light with A = 1.556 pum. Here, to clearly show the
chiral e-fields in the vicinity of the resonator and wipe off the negligibly weak background, we use the definition
forC = (|E(r) 6> — |E(r) - 6'+|2)/(|E(r)|2 + Q), where we introduce a small bias, ¢ = max {|E(r)[*} x

1074, in the denominator. Light incident to port P, (a, b) and port P, (c, d). White lines are for the waveguide
boundavies. Reproduced with permission from [17].
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features of the resonator allow a strong chiral coupling between a nearby QD and
the resonator.

As seen in Figure 7, a negatively charged QD is doped near the outside wall of
the resonator. It has two energy-degenerate transitions at 4, ~ 1.556 ym, driven by a
circularly polarized e-field, as seen in Figure 8a. It can be an InAs self-assembled
QD grown on silicon dioxide/silicon substrates [29], with two electronic spin
ground states | = 1/2) and two optically excited states | £ 3/2).

By initializing the QD in a specific spin ground state or shifting the transition
energy with the optical Stark effect (OSE), chiral QD-resonator interaction can be
achieved. As shown in Figure 8b, by applying a magnetic field along the direction
perpendicular to the growth direction of the QD, the spin-flip Raman transitions are
enabled and can couple to linearly polarized e-fields. In this case, the spin ground
state [1/2) or | — 1/2) can be selectively prepared with a near-unity possibility
[27, 30]. When the spin ground state, e.g., |1/2), is populated and the magnetic field
is switched off, the QD can be treated as a two-level system with a dipole moment
coupling only with a 6" -polarized e-field, as shown in Figure 8c. The second
method involves all-optical control of the QD via the optical Stark control. 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 Start shift with a large
detuned circularly polarized light [31, 32]. As shown in Figure 8d, the ¢ -polarized
transition is shifted by o™ -polarized classical light to be on resonance with the CCW
mode, while the 6~ -polarized transition of the QD decouples to the resonator due to
a large detuning A_ = A, + 2Apsg, where A, is the detuning of resonator’s reso-
nance and Aggg is the detuning which resulted from the OSE. In this case, the QD
can also be treated as a two-level system with a 6" -polarized transition.

After QD spin ground state preparation, the QD strongly couples to the CCW
mode with large strength g, but decouples from the CW mode with a much smaller
strength ¢ . Note that the OSE-based method allows an all-optical operation. In
fabrication, 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 ym, and their dipole moment can vary

CCw

Figure 7.

Schematic of the single-photon isolation based on a microring resonator. The silicon resonator couples to a
nearby silicon waveguide with refractive index n = 3.48 and a single negatively charged QD. The resonator and
the waveguide are 0.44 pm wide and 0.22 pm thick. The resonator has a 4.22 pum radius. The light incident to
port P, (P,) drives the counterclockwise (CCW) [clockwise (CW)] WGM. The polarization of the evanescent
field of the CCW mode is 6"~ (6~-) polarized near the whole outside (inside) wall, while that for the CW mode
is 6~ - (67-) polarized. After initialization for the QD, it is treated as a two-level system with o™ -polarized
transition. Reproduced with permission from [17].
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Figure 8.

Initialization of a negatively charged QD including two methods: Coherent population trapping (a—c) and
optical Stark effect (d). (a) Four-level configuration of an electron spin in a single negatively charged QD. (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 treated as a
two-level system only with o -polarized light excitation at zero magnetic field. (d) A ot -polarized classical
light Q with a detuning A from the o -polarized transition |1/2) < |3/2) is applied to shift the transition
energy by Aosg « 22 /As. The 6~ -polarized CW mode decouples from the QD because it is detuned by A_ from
the relevant transition | — 1/2) « | — 3/2). Figures ave reproduced with permission from [17] and are slightly
modified.

<P

from a few Debye to 40 Debye [33]. Here, we choose the resonance wavelength
Aq 7 1.556 pm, w; = ., and the dipole moment |d| = 30 Debye, yielding a sponta-

neous emission rate y, = |d|za)§ /3meghc® = 27 x 11.88 MHz. The strength of the

zero-point fluctuation of this mode is |Eg| = \/ hw./(260V,,) ~6.82 x 10* V/m,

where ¢ is the vacuum permittivity and 7 is the Planck constant. Correspondingly,
the QD-resonator coupling strength ¢ = d - Eg /%~ 27 x 10.29 GHz. And asymme-
try coupling strength |g, | = ag and |g_| = fig, where a = /(1 —C)/2and =

(1+C)/2 [17]. As a consequence, the QD-resonator system is chiral and subse-
quently achieves the optical isolator at the single-photon level.

The steady-state forward (backward) transition amplitude ¢ (¢_),
corresponding to the left-handed (right-handed) input, is derived by using the
single-photon scattering method [17, 24, 34]

AR, -G+ A2 ~gig h—g.gh* = Al +i(le [~ [g. ")
(AC + iKex ) [Aq (AC +ike) —G*] —g*g h—g g*h" — Aq\h|2

t+:

b

%)
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AR, -G+ A2 —grg h—g gtk — AP +i(lg, [~ [g [*)ren

t_ = = — =
(AC + iKex) [Aq (AC + iKex) — Gz} —g*g h—g grh™ — Aq|h|2

(10)

where A, = o — w, + ix;, Aq = —wg +1y,, and G? = Lng}z + Lg_‘z. The
detuning is defined as A, = @ — @, and w. = w, is assumed. In this device, |C| =

0.99 and || < k;, the transmissions, T+ = |ti|2, are shown in Figure 9. In the
absence of the backscattering, i.e., 2 = 0,at A, =0, T #0.99 and T_ 0, yielding
the insertion loss of £ = —101log (T';.) ~# 0.04 dB and the isolation contrast Y~ 1.
Consequently, at vanishing detuning, the single-photon isolation is achieved with
almost zero insert loss and near-unity isolation contrast. The nonreciprocal band-
width is about 1.3k ~ 27 x 12.8 GHz, which is about two to three orders broader
than those in [16, 18-20, 35]. It can be seen from Figure 9a that the nonreciprocal
spectral window becomes narrower and narrower as the backscattering strength
increases; for a relatively large backscattering |k| = «;, both the backward and
forward transmissions only change very slightly, but for an extremely large back-
scattering || = 3k;, the nonreciprocal performance is much affected. As shown in
Figure 9b, in the absence of backscattering, the isolation contrast is quite robust,
decreasing slowly from 1 to 0.8 as the OC changes from —1 to —0.5 (blue solid
curve), while the insertion loss increases almost linearly in this region.

This device can achieve optical isolation when oppositely propagating photons
enter the system at the same time, avoiding the dynamic reciprocity problem [36].

1 74
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Figure 9.

(a) Steady-state transmissions for |D| = 0.99. Blue (red) curves are for transmissions T (T_), h = o (solid
curves) for |h| = k; (dashed curves), and |h| = 3x; (dotted curves). (b) Blue curve is for isolation contrast, and
ved dashed curve is for insert loss as a function of the optical chivality D for h = o (solid curves) and |h| = k;
(dashed curves). (c¢) Propagation of single-photon pulses incident to ports P, and P, simultaneously. Red thin
(blue thick) curves are for the propagation of the right-moving (left-moving) single-photon pulses. Solid curves
are for incident single-photon wave function, and dashed curves are for transmitted wave function. |D| = 1 for
simplicity.
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Numerical simulations for the propagation of single-photon wave packets incident
to ports P; and P, simultaneously are performed by using wave-vector-space
method [17]. The propagation of single-photon pulses in the system is shown in
Figure 9c. At resonance, a right-moving single photon can pass through the

system with transmission probability 0.98, while that of a left-moving single photon
is only 0.02.

4. Optical isolation via chiral cross-Kerr nonlinearity

In a waveguide embedded with N-type atoms (see the upper waveguide in
Figure 10a), the classical switching and coupling fields are applied to induce the
phase shift ¢ and amplitude modulation ¢ of the probe field. The forward and
backward amplitude transmissions & and &, are sufficiently different after the
probe field passes through the ensemble of atoms. Thus, the type-IV optical isolator
is achieved.

Rb atoms are used to create the chiral XKerr nonlinearity. In the |[2) — |1)
transition, the |2) — |3) transition, and |4) — |3) transition of the Rb atoms with
decay rates y,1, 72, and y43, respectively, y); = y23 = 743 = 7¢ is assumed, and
yo>T', where I is the dephasing rates of both ground states |1) and |3) and y, =
27 x 6 MHz. The XKerr nonlinearity can be efficiently induced between the probe
and switching fields in the configuration and can be modified by the coupling laser.
As shown in Figure 10b, the switching (coupling, probe) field drives the transition
1) < 12) (I3) < 12), 13) < |4)) with a detuning A (A, A,) in the absence of

(a) Se'?

P, o+ o Upper WG P
. >
“in BS1 "T;}%\Gf B2 [ %o
0O—— L
b ‘ b
) ¢ e —
P3 Lower WG P, °
|4)

As _Ae
Qg k {p

Sl— 3)
1)

Figure 10.

(a) Schematic of the realization of optical isolator and circulator by using chiral cvoss-Kerr nonlinearity. To
realize an optical isolator, we use only the upper waveguide (WG) embedded with a cloud of N-type atoms. The
photon passing through the atoms suffers an amplitude transmission of £ and a phase shift ¢, which are
dependent on its propagation direction. To achieve optical circulator, the lower waveguide is added to form a
Mach-Zehnder interferometer with the upper one by using two beam splitters BS1 and BS2. (b) Energy-level
diagram of N-type atoms. The switching (carrier frequency Qs), coupling (£2.), and probe (£2,) fields couple to
transition |1) < |2), |3) < |2), and |3) < |4), with detunings A, A, and Ay, respectively. Reproduced with
permission from [20].
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thermal motion. The switching (coupling, probe) laser beam has the carrier fre-
quency € (., Q,), corresponding to the wave vector k; (k., k,). At room
temperature, the inevitable random thermal motion of the jth atom moving with
velocity v; induces the “microscopic” Doppler shifts k,v;, k.v;, and k,v; in the
corresponding atomic transitions, respectively. The strength of the nonlinearity is
strongly dependent on the effective detunings, and thus the Doppler shifts. As a
result, these frequency shifts change the optical nonlinearity in a way strongly
dependent on the propagation direction of the probe field with respect to the
switching and coupling fields, leading to the chiral XKerr nonlinearity. Both the
switching and coupling laser beams are left-moving and k,v; = k.v; is assumed.
Thus, the backward-moving (forward-moving) probe field “sees” the same (oppo-
site) Doppler shift as the switching and coupling ones. Compared with the back-
ward input case, where the Doppler broadening significantly reduces the total
XKerr nonlinearity, the Doppler shift “seen” by the forward-moving probe field is
partly compensated, and subsequently the nonlinearity remains large [20].

For a centimeter-scale medium, e.g., L = 2 cm, the medium is absorptive, and
the forward and backward transmissions are very different, as shown in Figure 11a.
As the probe detuning increases, the forward transmission T, rapidly increases to
0.80 at A, = 35.6y,, corresponding to an insertion loss of 1 dB. As a result of
Doppler broadening, the backward transmission T>; is much smaller than T4,, when
35.6y¢ < Ap <60.67,. In this region, the insertion loss is smaller than 1 dB, while the
isolation ratio is larger than 15 dB. The isolation ratio can be considerably improved
with a large forward transmission by using a longer medium or, equivalently,
increasing the density of the atoms. For L = 4 cm, the isolation rate can reach more
than 30 dB in the range of 50y, < A, < 60y, yielding an isolation bandwidth of
27 x 60 MHz. At the same time, the insertion loss is less than 1 dB. As a conse-
quence, an isolation can be achieved by using this medium.

By carefully choosing the density and length of the atomic vapor, and properly
arranging the switching and coupling fields, a phase shift difference, A = ¢y — ¢,
can approach 7 with high transmissions & and §,. It can realize a four-port optical
circulator by adding a lower waveguide to form a Mach-Zehnder interferometer
(MZI), as seen in Figure 10a.

For a short medium (L = 3.33 mm), the transmission of the forward- and
backward-moving probes can be comparably high, but the phase shift ¢, is always
small, specifically about 0.011z at A, = 7.77y,, as shown in Figure 11b. In contrast,
at the optimal point A}‘jpt = 7.77y,, the difference of the phase shift, ¢y — ¢, reaches

s
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\o—®

Transmission
8o

Isolation [dB]

o
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20(? 1 7.77 15
Ap/VO

Figure 11.

(. a%uThe transmission of the isolator for forward-moving (blue curves) and backward-moving (red curves)
probe fields as a function of the probe detuning Ap. Green curves ave for the isolations. Solid (dashed) curves are
for the length of medium L = 2(4) cm. (b) Amplitude transmissions (ved curves) and phase shifts (blue curves)
Sfor forward-moving (solid curves) and backward-moving (dashed curves) probe fields as a function of A, (c)
Green curves are for fidelities, and blue dashed curves ave for average insertion loss as a function of Ay,. The
vertical black dashed lines in the two figures show the optimal detuning A;Pt = 7.777o The length of medium is
3.33 mm. Other parameters N, =5 x 10"cm ™3, I'; = 0.1y, . = 20y,, Qs = 47,, and § = o0 are fixed.
Reproduced with permission from [20].
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the optimal value of z. At the same time, f;Pt ~ &P ~0.66. As a result, a high-

performance circulator can be realized by inserting this nonlinear medium into a
MZI composed of unbalanced BSs. In the lower waveguide, a phase shift 9§ = 0.01x
is added to compensate the phase shift of the backward-moving photon in the upper
one. As shown in Figure 11c, when the detuning A, varies from 6y, to 20y, the
fidelity F first rises up rapidly, reaches the maximum 0.944 at A P* = 7.77y,, and

then decreases. At the same time, the average photon survival probability #
increases from 0.68 to 0.83. Although the photons have a larger probability to
survive at a large detuning, the fidelity is low. Thus, there is a trade-off between the
fidelity and the survival probability. The circulator operating within the frequency
range 6.6y, < A, <9.77, can achieve a fidelity larger than 0.9 at the expense of

1> 0.69. The corresponding working window is about 2z x 20 MHz, and the aver-
age insertion loss is about 1.6 dB. At the A;’pt, it obtains a fidelity 7 = 0.944 and a

survival probability n = 0.72, yielding an insertion loss of 1.42 dB. The circulator
can also be quantified by the isolations {F;} = {41.7,13.8,13.8,8.2} dB withi =
{1,2, 3,4} (see Eq. (7)), implying nonreciprocal photon circulator along1 — 2 —
3—4—1

The proposal can achieve the nonlinear optical isolation without dynamic reci-
procity [36], because the XKerr nonlinearity itself is chiral and the isolation is based
on linear equations [20]. According to this proposed method, the device that uses
XKerr nonlinearity to achieve cavity-free optical isolator and circulator at ultralow
light level has been demonstrated experimentally [21].

5. Conclusions

In this chapter, we introduce the optical chirality of light confined around
nanophotonic structures and the chiral optical XKerr nonlinearity induced in atoms.
Based on optical chirality, we propose single-photon isolators and circulators with
chiral light-emitter interaction. These concepts have been demonstrated experi-
mentally. Then we showed approaches to achieve an optical isolator and a circulator
by using the chiral XKerr nonlinearity. All of these approaches can realize chip-
comparable optical isolations with low insertion loss and high isolation perfor-
mance. The methods also work at ultralow light level and even single-photon level.
These optical isolators and circulators may pave the way for photon routing and
information processing in a nonreciprocal way in integrated optical circuits and
quantum networks.
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OC optical chirality
WGM whispering-gallery mode
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QDb quantum dot

OSE optical Stark effect

CCW counterclockwise

CW clockwise

FDTD finite-difference time-domain
XKerr cross-Kerr

MZI Mach-Zehnder interferometer
BS beam splitter
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