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Unidirectional transmission of single photons under nonideal chiral photon-atom interactions
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Single-photon transport in nonideal chiral photon-atom interaction structures generally contains information
backflow and thus limits the capabilities to transfer information between distant emitters in cascaded quantum
networks. Here, in the nonideal chiral case, a V -type atom coupled to a waveguide is proposed to realize
completely unidirectional transmission of the single photons in a superposition state of different frequencies.
A microwave field is introduced to drive the two excited states of the atom and results in photon conversion
between two transitions. By adjusting the Rabi frequency and the phase of the external driving field, the
transport behaviors of incident photons with specific frequencies can be optimized to complete transmission
or reflection. Based on the constructive interferences between photons from different traveling paths, the
transmission probabilities of the specific-frequency photons could be enhanced. Due to photon conversions
with compensating the dissipations and ensuring the complete destructive interference, the ideal unidirectional
transmission contrast can be maintained to ±1, even when the atom has dissipations into the nonwaveguide
modes.
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I. INTRODUCTION

Controlling the direction of photon scattering is central
to modern photonics applications ranging from quantum net-
works to quantum-information processing [1–3]. Typically,
a cascaded quantum network [4,5] consisting of multiple
emitters coupled to a one-dimensional reservoir requires the
unique feature that excitations can only propagate along a
single direction, and then drives successive systems in the
network in a unidirectional way [6]. Therefore, nanopho-
tonic waveguides utilized to be the reservoirs are well
suited for these applications as they confine photons to a
one-dimensional geometry with only forward and backward
directions and thereby increase the photon-emitter interac-
tion with constituting a deterministic photon-emitter interface
[7,8]. However, quantum emitters interacting equally with
photons in either of the two propagation directions along
a regular waveguide can be served as quantum mirrors [9]
and quantum beats [10] and inevitably contain informa-
tion backflow, which suppress the fidelity of quantum state
transfer between different emitters in cascaded quantum net-
works [11].

Recently, chiral photon-emitter interaction originated from
the optical spin-orbit coupling [12] constitutes an exciting
new approach to controlling the transporting direction of
single photons [11,13–20]. When a spin-momentum-locked
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light transversely confined in a nanophotonic waveguide is
coupled to a quantum emitter with polarization-dependent
dipole transitions, then direction-dependent emission, scatter-
ing, and absorption of photons are obtained. It indicates that
a right-hand circularly polarized dipole emitter is matched to
the local polarization of the waveguide and then emits solely
along the right direction with the transmission probabilities
of T = 1 and reflection probabilities R = 0. Therefore, the
unidirectional transmission contrast (UTC) defined as η =
(T − R)/(T + R) [21,22] in the ideal chiral case for a photon
injected from the left to right side of the waveguide is η = 1.
Based on the unidirectional transporting characters, photons
emitted by the first emitter will be completely absorbed by
the subjacent emitter without information backflow. It means
that the ideal chiral photon-emitter interactions with perfectly
unidirectional transmission allow deterministic state transfer
between emitters along the waveguide. Such an approach
paves the way to engineering the large-scale cascaded quan-
tum networks [23–27], which is in great demand in quantum
information processing.

Practically, the chiral photon-atom interactions in realistic
systems are complicated, being highly sensitive to the ef-
fects of imperfect directional couplings [28], the nonperfectly
circular polarizations of the photonic fields [29], and the po-
sitions of the emitters [30]. For example, though a quantum
dot (QD) placed at a singular position of the glide-plane
photonic crystal waveguide known as the C-point can display
a spin-dependent unidirectional emission, the corresponding
photon-QD interaction is relatively small [31]. This forces a
compromise between strong photon-emitter interactions and
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makes those interactions with high chiralities. Experimentally,
the decaying rates of the excited atom to the right and left
directions (i.e., �R and �L) can be optimized to �R/�L ≈ 5
with most of the radiation photons decaying into the glide-
plane photonic crystal waveguide [32]. Additionally, perfect
spin-orbit couplings require emitters exactly resonating with
the circular polarization of surface plasmon-polariton modes
(SPPMs) in propagating along the nanowire, and hence the
practical atom with the transition frequency far from the
SPPMs inevitably reflects SPPMs [33]. It means that the UTC
in nonideal chiral systems is always less than unity as η < 1.
Consequently, the realistic systems inevitably including re-
verse processes of photon transport lead to the dipole-dipole
coupling between emitters with repeated exchange of excita-
tions, which suppress the abilities of photons as flying qubits
and two-level emitters as stationary qubits for distributing
quantum information carried by the circularly polarized pho-
ton in a quantum network [11]. Therefore, how to realize
completely unidirectional transmission of single photons in
nonideal chiral photon-atom interaction structures is still a
challenge.

In this work, we concentrate on the improvement of the
UTC in the nonideal chiral photon-atom interactions with a
V -type atom coupled to the waveguide. A full quantum theory
in real space is adopted to investigate the transport properties
of a single photon with a superposition state of different fre-
quencies. By properly modulating the Rabi frequency and the
phase of the external field driven on the atom, the UTC of the
incident photon with a specific frequency can be optimized to
complete transmission or reflection, even when the atom has
dissipations into the nonwaveguide modes.

This paper is organized as follows. Our model is presented
in Sec. II, wherein an effective real-space Hamiltonian of
the system is introduced and the exact transmission spectra
of one-photon solution are given. In Sec. III we numerically
analyze how the external driving field can be utilized to mod-
ulate the photon transport. Finally, in Sec. IV, we conclude
our work and suggest experimental demonstrations of our
proposal with the current photonic techniques.

II. MODEL AND SOLUTIONS

As shown in Fig. 1(a), we consider an atom that consists of
V -type levels coupled to a waveguide, with a ground state |0〉
initially prepared in spin-up [36–38] and two excited states |1〉
and |2〉 at frequencies ωg, ωeσ+ , and ωeπ

. In traditional studies,
only one waveguide mode is used to couple with the atom.
In this work, one rectangular waveguide with two different
modes simultaneously interacting with the atom is proposed
to realize completely unidirectional transmission of the single
photons. Figure 1(b) illustrates the transverse-magnetic (TM)
mode of the rectangular waveguide, which exhibits strong
charity due to the gradient of the electric field on top of the
waveguide [14]. It couples with the σ+ transition of the atom
and can be used for near unidirectional transport of single
photons. However, the chirality of the TM mode is nonideal
and is also position-dependent. As shown by Fig. 1(c), the
UTC decreases with nonideality of the chirality. To overcome
this problem, as illustrated in Fig. 1(d), we use a transverse-
electric (TE) mode of the rectangular waveguide to couple

FIG. 1. A V -type atom with σ+ and π transitions coupled to
a waveguide under nonideal chiral interactions. (a) The waveg-
uide sustains two different modes of σ+ and π . A single photon
in the superposition state of different frequencies ωσ+ and ωπ as
α|σ+〉 + β|π〉 with |α|2 + |β|2 = 1 and β = eiψ

√
1 − |α|2 depicted

as a wiggly wave is injected from the left side of the waveguide and
excites the corresponding waveguide modes. An external microwave
field with the Rabi frequency of 
 is coupled to the exited states |1〉
and |2〉. Although the σ− transition is also involved in the atom, we
can utilize the AC Stark effect to adjust the corresponding energy
level of the atom by applying a strong far-detuned laser (with the
σ− circularly polarization) to realize a spin-selective energy shift
[34,35]. Consequently, the microwave field only couples to levels|1〉
and |2〉. (b) The photon with the frequency of ωσ+ (simplified as
σ+ photon) resonantly exciting the transverse-magnetic (TM) mode
of the rectangular waveguide interacts with the σ+ transition of
|0〉 ↔ |1〉 under nonchiral interactions of different decaying rates
as �σ+R > �σ+L . (c) The unidirectional transmission contrast (UTC)
(i.e., η) of the σ+ photon is suppressed by decreasing the chirality
of �σ+L/�σ+R. (d) The photon with the frequency of ωπ (simplified
as π photon) resonantly excites the transverse-electric (TE) mode of
the rectangular waveguide and equally couples to the π transition
of |0〉 ↔ |2〉 with �πR = �πL . Here, the z axis coincides with the
waveguide axis and indicates the propagation direction of the photon
along the waveguide. The y axis is chosen to be the quantization
axis, wherein the waveguide is different from free space optics and
the electric field gradient along y axis leads to a z component [11].
Consequently, the circularly polarization mode σ+ is in the x-z plane
and the π polarized mode is parallel to the y axis [15].

with the π transition of the atom. By preparing the incident
single photon in the superposition state of two photonic modes
TE and TM as α|σ+〉 + β|π〉 with |α|2 + |β|2 = 1 and β =
eiψ

√
1 − |α|2 [39], and convert the corresponding frequencies

between ωσ+ and ωπ to match the atomic transitions, the
single-photon transport can be controlled by a microwave field
with Rabi frequency 
 and phase φ that couples the two
internal excited states of the atom. Typically, the TE mode that
interacts with the σ+ transition of the atom has a high degree
of chiral photon-atom interaction with �σ+R > �σ+L, while the
TM mode propagating in two directions couples equally to the
π transition with �πR = �πL, respectively.

The system can be described by the following Hamiltonian
in the real space under the rotating wave approximation with
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h̄ = 1 [9,40]:

H =
∫

dz
∑

j=σ+,π

{
c†

j,R(z)

(
−ivg

∂

∂z
− ωe j g + iγ j

)
c j,R(z)

+ c†
j,L (z)

(
ivg

∂

∂z
− ωe j g + iγ j

)
c j,L(z)

+VjRδ(z)
[
c†

j,R(z)a†
gaej + c j,R(z)a†

e j
ag

]
+VjLδ(z)

[
c†

j,L (z)a†
gaej + c j,L (z)a†

e j
ag

]}

+

[
eiφa†

eσ+
aeπ

+ e−iφa†
eπ

aeσ+

]
, (1)

wherein, c†
j,R(z) (c†

j,L(z)) is the creation operator for right-
going (left-going) photon of the frequency ω j at the z position
of the waveguide. For simplicity, we linearize the waveguide
dispersion relation in the vicinity of the two transition fre-
quencies. The group velocity vg for photons with different
frequencies is the same. ωe j g = ωe j − ωg is the atom transition
frequency between levels |1〉, |2〉, and |0〉. γ j is the dissipation
rates of the atom resulted from the atom coupling to the
reservoir [40]. VjR(L) is the photon-atom coupling strength
of the photon propagating along the right (left) direction,
with � jR(L) = V 2

jR(L)/vg being the atomic decaying rate to the
waveguide. As we are only interested in a narrow range in
the vicinity of the atomic resonant frequency, VjR(L) is safely
assumed to be independent of frequency [10,41,42].

In this work, we assume that the atom is originally prepared
at the ground state of |0〉, and the incident single photon of the
superposition state is injected from the left of the waveguide.
During the scattering process, the incident photon may either
remain at the same frequency or convert to the other fre-
quency. Therefore, the general eigenstate of the system should
take the following form:

|�〉 =
∑

j=σ+,π

{ ∫
dz[φk j,Rc†

j,R(z) + φk j,Lc†
j,L (z)]|0w, 0〉

+ ea ja
†
e jag|0w, g〉

}
, (2)

where |0w, 0〉 is the vacuum, with zero photon in the waveg-
uide and the atom in the ground state |0〉. ea j is the excitation
amplitude of the atom in the state |1〉 or |2〉. The spatial
dependence of wave functions can be expressed as

φkσ+,R = αeikσ+ zθ (−z) + tσ+eikσ+ zθ (z), (3)

φkσ+,L = rσ+e−ikσ+ zθ (−z), (4)

φkπ,R = βeikπ zθ (−z) + tπeikπ zθ (z), (5)

φkπ,L = rπe−ikπ zθ (−z), (6)

wherein θ (z) is the step function. k j = ω j/vg, with ω j being
the frequency of the different photons along the waveguide.
Tj = |t j |2 and Rj = |r j |2 give the transmission and reflection
probabilities of different frequencies, respectively. Following
the procedure found in Refs. [9,40,43,44] that directly deals

with the photon scattering eigenstates in real space, we can
solve the time-independent Schrodinger equation H |�〉 =
�|�〉 with � = ω j − ωe j g + iγ j , and obtain the following
formulas:

rσ+ = α
√

�σ+L�σ+R(i� − �π )

(i� − �σ+ )(i� − �π ) + 
2

+ iβ
eiφ
√

�πR�σ+L

(i� − �σ+ )(i� − �π ) + 
2
, (7)

tσ+ = α +
√

�σ+R

�σ+L
rσ+

= α + α�σ+R(i� − �π )

(i� − �σ+ )(i� − �π ) + 
2

+ iβ
eiφ
√

�σ+R�πR

(i� − �σ+ )(i� − �π ) + 
2
, (8)

rπ = β
√

�πL�πR

i� − �π

+ i
e−iφ
√

�πL/�σ+L

i� − �π

rσ+ , (9)

tπ = β +
√

�πR

�πL
rπ

= β + β�πR

i� − �π

+ i
e−iφ
√

�πR/�σ+L

i� − �π

rσ+ , (10)

with �σ+ = �σ+L+�σ+R

2 and �π = �πL+�πR
2 .

The results in the above formulas satisfy
∑

j=σ+,π (Tj +
Rj ) = 1 with γ j = 0, as required by probability conservation.
Since the chiral photon-atom interaction is based on the σ+
transition of the atom, we mainly concentrate on the trans-
mission unidirectional contrast of the σ+ photon as ησ+ =
(Tσ+ − Rσ+ )/(Tσ+ + Rσ+ ). Generally, the value of phase φ is
related to the choice of the time origin and can be set with
arbitrary amplitudes [45]. Consequently, the phase φ by itself
usually has no measurable physical results in transmission
spectra of the single atom system [44]. In contrast, when
we focus on the structure illustrated in Fig. 1 with a V -type
three-level atom interacted with a single photon in the super-
position state, the phase φ of the external driving field has
direct effects on the transmission and reflection spectra, which
can be seen obviously in the above formulas. Significantly,
Eq. (7) indicates that the reflection amplitudes include two
kinds of sources as photons decay to the left direction from
either the σ+ transition directly or from the conversion of the
π photons. Meanwhile, the transmission amplitudes in Eq. (8)
include three sources as photons transmitting directly along
the waveguide, photons decaying to the right direction from
the σ+ transition, and photons decaying from the conversion
of the π photons. Specifically, Eq. (8) indicates that the differ-
ence of amplitudes between the two kinds of decaying photons
can be modulated to either positive or negative, and results in
constructive or destructive interferences, respectively, among
the photons of different processes. Therefore, the transporting
properties of σ+ photons in the present structure depend on
the two-source and three-source interferences and will be
demonstrated in the rest of the work.
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FIG. 2. Transmission and reflection spectra of σ+ photons con-
trolled by the Rabi frequency of the external driving field, with α =
0.8, ψ = 0, �σ+R = �, �σ+L = 0.2�, φ = 1.5π, and γσ+ = γπ =
0. Tσ+ = 0 and Rσ+ > 0 indicate that the σ+ photon is completely
reflected to the left direction of the waveguide when 
 = 0.36�,
while the behaviors of 
 = 1.33� are the opposite. Therefore, the
transmission directions of the σ+ photon can be controlled by adjust-
ing 
.

III. UNIDIRECTIONAL TRANSMISSION OF SINGLE
PHOTONS CONTROLLED BY THE EXTERNAL FIELD

First, we investigate the transmission and reflection proba-
bilities influenced by the Rabi frequency 
 of the driving field
with α = 0.8, ψ = 0, �σ+R = �, �σ+L = 0.2� [32], �πR =
�πL = �, φ = 1.5π , and γ j = 0. As plotted in Fig. 2(a),
in the absence of driving field (
 = 0), the nonideal chiral
photon-atom interaction with �R/�L = 5 results in photon
transporting bidirectionally with Tσ+ < Rσ+ . It indicates that
in this nonideal chiral case, the information carried by the
incident photon will be reflected to a great extent. By in-
creasing the driving field with 
 > 0, as shown in Figs. 2(a)
and 2(b), both the transmission and reflection probabilities are
suppressed. These suppressings come from the fact that the
driving field coupled to the two excited states not only changes
the amplitudes of the photons decaying from the σ+ transition
but also introduces the other source of photons by converting
the π photons to the σ+ photons. Consequently, the three-
source and two-source interferences are reconstituted and then
the corresponding transmission and reflection probabilities are
modified, respectively.

Specifically, when 
 = 0.36�, as shown in Fig. 2(c), the
transmission probability of the σ+ photon is zero. It can be
directly calculated from Eq. (8) that when φ = 1.5π and 
 =
(β

√
�σ+R�πR + √

β2�σ+R�πR − 4α2�σ+�π + 4α2�σ+R�π )
/2α, the total amplitudes of photons from two sources
decaying to the right direction satisfy the relation of√

�σ+R/�σ+Lrσ+ = −α. It indicates that the amplitudes
of the reemitted photon are modulated to the same value
as that of the direct-transmitted photon but differ with a
π phase and consequently construct a perfect destructive
interference of photons from three different sources
with Tσ+ (� = 0, 
 = 0.36�) = 0 [46]. In the present of

FIG. 3. Transmission and reflection spectra of σ+ and π photons.
(a) to (c) Transporting properties modulated by the phase of the
external field. (d) Transporting properties controlled by the Rabi fre-
quency of the driving field with � = 0, φ = 1.5π . Other parameters
are the same as in Fig. 2.

strong external field of 
 > �, the transmission spectra
are split into two dips. This splitting is the effect of
Rabi splitting induced by the external field [44]. When
φ = 1.5π and the driving field is strong enough as

 = 5�, the decaying amplitudes of photons to the right
direction from the conversion with positive values can
be larger than those of photons decaying from the σ+
transition and thus tσ+ > α. It results in a constructive
interference between the directly transmitted photons
and the atomic radiation photons with the transmission
probabilities of the resonant σ+ photon being enhanced with
Tσ+ (� = 0, 
 = 5.0�) = 0.78 > |α|2 = 0.64, as shown in
Fig. 2(c).

Similarly, Eq. (7) indicates that adjusting the driving field
as 
 = α

√
�σ+L�π/iβeiφ

√
�πR leads to the happening of

complete destructive interference between two sources of the
left-decaying photons with Rσ+ (� = 0, 
 = 1.33�) = 0 in
Fig. 2(d). If the driving field is adjusted to much stronger
than the atomic decaying rates of σ+ transition to the left
direction as 
 � �σ+L

, then the reflection amplitude in Eq. (7)
is suppressed to rσ+ = 0, which can be seen from the Fig. 2(d)
of Rσ+ (� = 0, 
 = 5.0�) = 0. Therefore, the transmission
properties of the σ+ photon can be controlled by adjusting the
Rabi frequencies of the driving field.

Next, we investigate the transmission properties affected
by the phase of the driving field. As shown in Fig. 3(a), when
φ = 0.5π , the transmission probabilities increase by enhanc-
ing the driving field, which are contrast to the behaviors of
transmission spectra shown in Fig. 2(a). Practically, there is a
complete destructive interference between the reemitted pho-
tons and the directed transmission photons with Tσ+ = 0 under
the Rabi frequency of 
 = 1.11�, as plotted in Fig. 3(b). We
also find that the maximum transmission properties of the res-
onant photon (Tσ+ = 0.42) is much smaller than |α|2 = 0.64.
It means that, when 
 = 3.0� and φ = 0.5π , σ+ photons are
mainly converted to the π photon and then the amplitude of
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FIG. 4. Unidirectional transmission contrasts of resonant pho-
tons under the nonideal chiral photon-atom interactions. � = 0 in
(c), (d), and (e). φ = 1.5π in (c) and (e). 
 = 1.11� in (d) and (e).
Other parameters are the same as in Fig. 2. We can see that the com-
pletely unidirectional transmissions of σ+ photon can be achieved by
adjusting the Rabi frequency and the phases of the external field and
of the superposition state.

the conversion photons is negative, which consequently leads
to a destructive interference among the photons of different
processes. When choosing other parameters as 
 = 0.36�

and φ = 0.0 in Fig. 3(c), the transmission and reflection spec-
tra are asymmetrical. Specifically, as shown in Fig. 3(d), the
total reflection probabilities of photons with different frequen-
cies in the system will be drastically suppressed with Rσ+ +
Rπ ≈ 0 as the Rabi frequencies of the driving field increase
to 
 = 10�. The insert of Fig. 3(d) points out that even when

 = 10�, the transmission probabilities of the σ+ photon are
amplified with Tσ+ > |α|2 due to the constructive interference,
which indicates that the atom is still coupled to the waveguide.
Consequently, the total transmission properties of the incident
photon can be modulated to unidirectionally transport along
the right direction even under nonideal chiral photon-atom
interactions. Therefore, both the phase and the Rabi frequency
of the external field can change the amplitude of the reemitted
photons with frequency conversions between the two kinds
of photons, and thus modify the interferences of different
sources.

Now, we show how to improve the UTC in the nonideal
photon-atom interactions. As demonstrated in Fig. 4(a), with-
out the driving field (
 = 0) and in realistic experimental
chiralities of �σ+R/�σ+L = 5 [32], the UTC is relatively small.
As we introduce the driving field, the σ+ photon can be
controlled to be completely reflected ησ+ = −1 or transmitted
ησ+ = 1. Although the driving field with the phase of φ =
0.5π suppresses the maximum of the transmission probabili-
ties, the UTC can also be adjusted from ησ+ = −1 to ησ+ = 1,
as shown in Fig. 4(b). Figure 4(c) shows that the UTC in
different systems with various superposition states and chiral-
ities can be optimized to complete transmission or reflection.
Specifically, as illustrated in Fig. 4(d), we can see that the
completely unidirectional transport of the σ+ photon is able

(   )

FIG. 5. Unidirectional transmission contrast influenced by the
frequency detunings between the incident single photon and (a) the
atom and (b) by the pulse length of the single photon. 
 = 5�,
τ ≈ 1/�, � ≈ 1 MHz, and other parameters are the same as in Fig. 2.

to be obtained by properly choosing the phases of the driving
field [47]. Additionally, Fig. 4(e) indicates that the UTC can
also be modulated from ησ+ = −1 to ησ+ = 1 by choosing
the phase of the superposition state ψ . Therefore, the V -type
three-level atom driven by a microwave field coupled to the
waveguide with nonideal photon-atom interactions provides
a controllable manner to achieve completely unidirectional
single-photon quantum transport.

And then we investigate the UTC affected by the pulse
length of the single photon. When the duration of the single-
photon pulse is much longer than the spontaneous lifetime of
the atom, the frequency of the incoming single photon can be
considered to be monochromatic and the atom is treated as in
the ground state [48]. Recent experiments about single-photon
transporting can meet this precondition easily [17,49–51].
Therefore, we can adopt the monochromatic approximation
to investigate the transport properties of single photons in
one-photon Fock state as denoted in Eq. (2) [9,40–44,52].
Actually, this approximation has been commonly adopted in
single photons scattered by single atoms with the analytical
results [9,40] agreeing extremely well with the relevant single-
photon transport experiments [17,49–51]. On the other side,
the advantage of having chiral coupling between photon and
atom for generating quantum state transfer with high fidelities
is based on the single photon resonant with the atoms [11].
Therefore, the pulse length of the incident photon needs to
be precisely prepared to satisfy the monochromatic condition.
Fortunately, as shown in Fig. 5, even when the frequency
detunings of the incident photon is much larger than the
decaying rates, i.e., � = 3�, the UTC is still maintained to
ησ+ = 98%. It means that the UTC can be preserved to high
values in a wide frequency range. Typically, with the atomic
decaying rate to the waveguide being � ≈ 1MHz [11,17] and
the pulse length being τ ≈ 1/�, as shown in Fig. 5(b), the uni-
directional transmission contrast can be maintained to nearly
100% when the pulse length is as long as microseconds.

Finally, we demonstrate the UTC against the dissipa-
tions. A recent experiment has achieved a coupling efficiency
of a QD coupled to a glide-plane photonic crystal waveg-
uide in excess of 98% [17], and then it is safe to choose
the dissipative rate of the atom as γσ+ = γπ = γ = 0.3�

to calculate the corresponding influence on UTC. Usually,
the unavoidable intrinsic dissipative processes in the atom-
waveguide system always result in the leakage of photons into
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FIG. 6. Optimizing unidirectional transmission contrast in dissi-
pative cases, with � = 0 and φ = 1.5π . Other parameters are the
same as in Fig. 2. It is obvious that the atomic dissipations into the
environment can be compensated by adjusting the Rabi frequency of
the driving field and the ideal UTCs can also be reached as ησ+ = −1
and ησ+ = 1.

nonwaveguide degrees of freedom. As shown in Figs. 6(a)
and 6(b), the dissipations of the reemitted photons into the
environment suppress the amplitude of the reemitted photon,
and thus the amplitudes of photons derived from various
sources are different. These differences change the inter-
ference of the resonant photon from perfectly destructive
interferences of Tσ+ (
 = 0.36�, γ = 0.0) = 0 and Rσ+ (
 =
1.33�, γ = 0.0) = 0 to nonperfectly destructive interferences
of Tσ+ (
 = 0.36�, γ = 0.3�) > 0 and Rσ+ (
 = 1.33�, γ =
0.3�) > 0. By properly adjusting the Rabi frequency to
change both the amplitudes of photons decaying from the
σ+ transition and of photons converted from the π transi-
tion, the preconditions required for destructive interferences
are satisfied again with Tσ+ (
 = 0.15�, γ = 0.3�) = 0 and
Rσ+ (
 = 1.73�, γ = 0.3�) = 0. Therefore, even in the dis-
sipative case, the complete destructive interference can be
maintained as well. Especially, when the Rabi frequency of
the external driving field is strong enough as 
 = 3.0�,
as shown in Fig. 6(c), the destructive interference is in-
sensitive to the dissipations with Rσ+ (� = 0, γ = 0.3�) ≈
0. Although the maximum of the transmission probabilities
is suppressed as Tσ+ (� = 0, γ = 0.3�) < Tσ+ (� = 0, γ =
0.0), the completely unidirectional transmission of ησ+ = 1
is still guaranteed. It can be seen directly in Fig. 6(d) that the
UTC in the dissipative case can also be adjusted from ησ+ =
−1 to ησ+ = 1 by changing the values of Rabi frequency.
Particularly, the maximum dissipation required to ensure the
complete destructive interference along the forward direction
of ησ+ = −1 is γmax = 0.4�, as shown in Fig. 6(d). This max-
imum dissipation can be directly calculated from Eq. (8) as
γ = (�σ+R − �σ+L )/2 = 0.4� with 
 = 0 and then Tσ+ = 0.
When the dissipation is much larger, as γ = 0.5� > γmax, the
complete destructive interference is no longer preserved with

Tσ+ > 0 and thus η > −1. Therefore, the completely unidirec-
tional transmission of single photons discussed here is robust
against both the nonideal chiral photon-atom interactions and
dissipations, which provides a promising way to construct
cascaded quantum structures.

IV. DISCUSSIONS AND CONCLUSION

We studied the coherent transporting processes of single
photons scattered by the single atom with nonideal chiral
photon-atom interactions. In contrast to the information car-
ried by the incident photon inevitably reflected by the atom
in nonideal chiral structure, the results of the present work
show that the σ+ photon can transport along the waveguide
with ideal unidirectional transmission by adjusting the phase
and the Rabi frequency of the external driving field. Tuning
the Rabi frequency, the complete destructive interference is
maintained so that the UTC could be optimized to ησ+ = ±1,
even when the atom possesses dissipations into nonwaveguide
modes. Because of the constructive interference between pho-
tons from different sources, the transmission properties of the
σ+ photons could be enhanced. In addition, the total reflection
of a single photon in both modes can be simultaneously sup-
pressed by preparing the input photon in an appropriate state.
The present structure can be utilized to construct cascaded
quantum networks in nonideal chiral systems.

One of the promising candidates for experimental im-
plementations of the above results is a QD coupled to the
glide-plane photonic crystal waveguide with precisely local-
izing the QD near the C-point [17,32]. According to the
whispering-gallery mode microresonator including several
spatial modes with different charities, a Rb atom with fine
structure driven by the magnetic field coupled to the microres-
onator may be adopted to realize the complete unidirection
as well [46,53,54]. Experimentally, the single photon in a su-
perposition state of different frequencies can be realized with
electro-optic modulators [55], wherein the mixing amplitudes
of the superposition state (i.e., α and β) can be modulated to
arbitrary values by controlling the amplitude and phase of the
electric field. Finally, when the TM mode and the TE mode
are converted by an integrated mode converter, for example,
the tapered submicron silicon ridge optical waveguides [56],
and then the incident single photon in the superposition state
of two photonic modes TE and TM as α|σ+〉 + β|π〉 can be
constructed. Therefore, the system described by the Hamilto-
nian can be realized within the current photonic technologies.
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[3] D. E. Chang, V. Vuletić, and M. D. Lukin, Quantum nonlinear
optics—photon by photon, Nat. Photon. 8, 685 (2014).

[4] C. W. Gardiner, Driving a Quantum System with the Output
Field from Another Driven Quantum System, Phys. Rev. Lett.
70, 2269 (1993).

[5] H. J. Carmichael, Quantum Trajectory Theory for Cascaded
Open Systems, Phys. Rev. Lett. 70, 2273 (1993).

[6] K. Stannigel, P. Rabl, and P. Zoller, Driven-dissipative prepara-
tion of entangled states in cascaded quantum-optical networks,
New J. Phys. 14, 063014 (2012).

[7] X. Gu, A. F. Kockumb, A. Miranowicz, Y.-X. Liu, and F. Nori,
Microwave photonics with superconducting quantum circuits,
Phys. Rep. 718, 1 (2017).

[8] D. Roy, C. M. Wilson, and O. Firstenberg, Colloquium:
Strongly interacting photons in one-dimensional continuum,
Rev. Mod. Phys. 89, 021001 (2017).

[9] J.-T. Shen and S. Fan, Coherent Single Photon Transport in
a One-Dimensional Waveguide Coupled with Superconducting
Quantum Bits, Phys. Rev. Lett. 95, 213001 (2005).

[10] H. Zheng and H. U. Baranger, Persistent Quantum Beats and
Long-Distance Entanglement from Waveguide-Mediated Inter-
actions, Phys. Rev. Lett. 110, 113601 (2013).

[11] P. Lodahl, S. Mahmoodian, S. Stobbe, A. Rauschenbeutel, P.
Schneeweiss, J. Volz, H. Pichler, and P. Zoller, Chiral quantum
optics, Nature (London) 541, 473 (2017).

[12] K. Y. Bliokh, F. J. Rodríguez-Fortuño, F. Nori, and A. V. Zayats,
Spin-orbit interactions of light, Nat. Photon. 9, 796 (2015).

[13] R. Mitsch, C. Sayrin, B. Albrecht, P. Schneeweiss, and A.
Rauschenbeutel, Quantum state-controlled directional sponta-
neous emission of photons into a nanophotonic waveguide, Nat.
Commun. 5, 5713 (2014).

[14] C. Junge, D. O’Shea, J. Volz, and A. Rauschenbeutel, Strong
Coupling Between Single Atoms and Nontransversal Photons,
Phys. Rev. Lett. 110, 213604 (2013).

[15] J. Petersen, J. Volz, and A. Rauschenbeutel, Chiral nanopho-
tonic waveguide interface based on spin-orbit interaction of
light, Science 346, 67 (2014).

[16] R. J. Coles, D. M. Price, J. E. Dixon, B. Royall, E. Clarke, P.
Kok, M. S. Skolnick, A. M. Fox, and M. N. Makhonin, Chirality
of nanophotonic waveguide with embedded quantum emitter for
unidirectional spin transfer, Nat. Commun. 7, 11183 (2016).

[17] I. Söllner, S. Mahmoodian, S. L. Hansen, L. Midolo, A. Javadi,
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[48] S. Fan, Ş. E. Kocabaş, and J.-T. Shen, Input-output formal-
ism for few-photon transport in one-dimensional nanophotonic

waveguides coupled to a qubit, Phys. Rev. A 82, 063821
(2010).

[49] A. Wallraff, D. I. Schuster, A. Blais, L. Frunzio, R.-S. Huang,
J. Majer, S. Kumar, S. M. Girvin, and R. J. Schoelkopf, Strong
coupling of a single photon to a superconducting qubit using
circuit quantum electrodynamics, Nature (London) 431, 162
(2004).

[50] O. Astafiev, A. M. Zagoskin, A. A. Abdumalikov, Jr., Y. A.
Pashkin, T. Yamamoto, K. Inomata, Y. Nakamura, and J. S.
Tsai, Resonance fluorescence of a single artificial atom, Science
327, 840 (2010).

[51] I.-C. Hoi, C. M. Wilson, G. Johansson, T. Palomaki, B.
Peropadre, and P. Delsing, Demonstration of a Single-Photon
Router in the Microwave Regime, Phys. Rev. Lett. 107, 073601
(2011).

[52] M. Bradford and J.-T. Shen, Single-photon frequency conver-
sion by exploiting quantum interference, Phys. Rev. A 85,
043814 (2012).

[53] S. Rosenblum, O. Bechler, I. Shomroni, Y. Lovsky, G.
Guendelman, and B. Dayan, Extraction of a single photon from
an optical pulse, Nat. Photon. 10, 19 (2016).

[54] I. Shomroni, S. Rosenblum, Y. Lovsky, O. Bechler, G.
Guendelman, and B. Dayan, All-optical routing of single pho-
tons by a one-atom switch controlled by a single photon,
Science 345, 6199 (2014).

[55] Y. He, Y.-M. He, Y.-J. Wei, X. Jiang, K. Chen, C.-Y. Lu, J.-W.
Pan, C. Schneider, M. Kamp, and S. Höfling, Quantum State
Transfer from a Single Photon to a Distant Quantum-Dot Elec-
tron Spin, Phys. Rev. Lett. 119, 060501 (2017).

[56] D. Dai, Y. Tang, and J. E. Bowers, Mode conversion in tapered
submicron silicon ridge optical waveguides, Opt. Express 20,
13425 (2012).

053719-8

https://doi.org/10.1103/PhysRevA.82.010301
https://doi.org/10.1103/PhysRevA.79.023837
https://doi.org/10.1103/PhysRevLett.101.100501
https://doi.org/10.1103/PhysRevLett.111.103604
https://doi.org/10.1103/PhysRevA.84.045801
https://doi.org/10.1364/OL.40.005140
https://doi.org/10.1103/PhysRevLett.108.153901
https://doi.org/10.1103/PhysRevA.95.033814
https://doi.org/10.1103/PhysRevLett.124.063602
https://doi.org/10.1103/PhysRevA.82.063821
https://doi.org/10.1038/nature02851
https://doi.org/10.1126/science.1181918
https://doi.org/10.1103/PhysRevLett.107.073601
https://doi.org/10.1103/PhysRevA.85.043814
https://doi.org/10.1038/nphoton.2015.227
https://doi.org/10.1126/science.1254699
https://doi.org/10.1103/PhysRevLett.119.060501
https://doi.org/10.1364/OE.20.013425

