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Coherently manipulating single photons in nanophotonic structures with unidirectional propagation is one of
the central goals for integrated quantum information processing. Photonic devices constructed by a single atom
coupled to a whispering-gallery-mode microresonator (WGMM) with nonideal chiral photon-atom interactions
inevitably induce undesired photon scattering. Here, an external scatterer is introduced to the WGMM to cancel
the reflection of signal photons by an atom due to nonideal chiral interactions. By properly tuning the positions
of the scatterer, destructive and constructive interferences between reflected photons of different pathways are
utilized to control the reflection properties of single incident photons. The results show that the reflection prob-
abilities can be suppressed by applying the interplay between chirality and backscattering. Constructing perfect
destructive interferences directly leads to unidirectional propagation even when the photon-atom interactions
are not ideal. Because the amplitudes of the reflected photons produced by the scatterer can be enhanced to

meet requirements of perfect destructive interfering processes, unidirectional propagation is preserved against

dissipations.

DOI: 10.1103/PhysRevA.107.033713

I. INTRODUCTION

Photons are ideal information carriers due to their ultra-
fast transmission speed and minimum interactions with the
environment and themselves [1-5]. Therefore, manipulating
quantum information carried by single photons in photonic
circuits has long been the driving force behind the effort to
construct a quantum internet [6—8]. In particular, controlling
the unidirectional propagation of single photons (UPSP) by
switches [9,10], routers [11], and diodes [12] is crucial to
realize cascade quantum systems [13]. To ensure proper op-
erations of such quantum optical devices, parasitic reflections
between optical devices must be completely suppressed at the
single-photon level, as such feedback can have deleterious
effects on the operation of optical devices based on inter-
ferometric designs [12]. Accordingly, considerable effort has
been invested toward the achievement of UPSP by utilizing
the essential properties of photons such as frequencies [9],
amplitudes [14], and phases [15,16].

In the last decade, another intrinsical property of the pho-
ton as circular polarizations provided a prospective capacity
to realize UPSP of single photons in photonic waveguides and
nanofibers [17]. In these nanophotonic structures, light was
strongly confined transversely and generally led to longitudi-
nal components of the electric field. Consequently, the electric
field was circularly polarized and therefore carried spin an-
gular momentum [18]. If such spin-momentum-lock light
is coupled to quantum emitters with polarization-dependent
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dipole transitions, then direction-dependent emission, scat-
tering, and absorption of single photons, known as chiral
quantum optics, are obtained [17]. For example, when two
emitters with right-hand circular polarization o are coupled
to the waveguide with ideal chiral photon-atom interactions,
an arbitrary superposition state stored in emitter 1 could be
mapped to emitter 2 with unity efficiency by a rightward-
propagating photon. Within the framework of chiral quantum
optics, it becomes possible to realize cascaded quantum sys-
tems [19-26]. However, the chiral photon-atom interaction
crucially depends on both the local electric field and the
polarization of the atomic transition dipole moment [27-29].
Ideal chirality (i.e., light emitting in just a single direction)
is obtained by strictly placing the circular dipole at the point
of perfect circular polarization. These points are scarce be-
cause only elliptical polarization is practically accessible in
nanofiber waveguides [20]. Although an atom placed at the
singular point of glide-plane photonic crystal waveguides
(i.e., known as the C-point) can display a spin-dependent
unidirectional emission, the corresponding photon-atom in-
teraction is relatively small [30]. It indicates that the light
field is elliptically polarized over the majority of the mode
volume with strong photon-atom interaction [31]. This forces
a compromise between strong photon-emitter interactions and
makes those interactions with high chiralities. Consequently,
photon-atom interactions in real experiments are nonideal
chiral [30,32]. Therefore, the incident photon is inevitably re-
flected with information backflow, which directly suppresses
the efficiency of information transfer.

Actually, this chiral photon-atom interaction can also be
obtained with an atom coupled to a whispering-gallery-mode
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microresonator (WGMM), wherein the two degenerate modes
of opposite circling directions in the WGMM with orthog-
onal circular polarizations are used [33-35]. As a result of
their highly confined mode volumes and ultrahigh quality fac-
tors, WGMMs enable strong chiral photon-atom interactions
that can be utilized to realize UPSP devices at the single
photon level, such as a circulator (coupling with a V-type
three-level atom [36]) and a router (coupling with a A-type
three level atom) [37]. The operation condition for these de-
vices is that each atomic transition is exclusively coupled
to only one WGMM mode. Meanwhile, the unidirectional
coupling of multiple two-level atoms to a chiral ring resonator
results in chiral quantum optomechanics and induces quantum
phase transition [38]. However, the electric field polarizations
at the positions of the atoms depend on both the distance
to the resonator surface and the ratio between longitudinal
and transversal electric field components [33]. The ratio de-
termined by the refractive index of the resonator material
approximate 0.7 leads the electric field of the WGMM to
be elliptical [33,39]. Therefore, the atom is simultaneously
coupled to the two degenerate WGMM modes and thus both
forward and backward emission rates from the atom exist
[37,40]. As a result, the incident photons always have back-
flow in these UPSP devices.

Recently, WGMMs perturbed by nanoparticles such as
nanotips have been of particular interest in the context of mod-
ern sensing applications [41,42]. It is well known that a single
nanoparticle placed in the evanescent field of a WGMM leads
to coherent backscattering coupling between clockwise (CW)
and counterclockwise (CCW) propagating modes [43]. This
mode coupling between the CW and CCW modes lifts the
spectral degeneracy and gives rise to splittings with two dips
in the transmission spectra of the WGMM [44]. Two scatterers
placed within the mode volume of the WGMM are used to
tune the coupling between the CW and CCW modes. When
the relative positions and effective sizes of the scatterers are
finely tuned, only one of the traveling directions is dominant
[45-47].

In this work, a scatterer and an atom simultaneously cou-
pled to a WGMM are adopted to manipulate the transporting
properties of single photons. Although the coupling between
the two-level atom and the WGMM is nonideal chiral, the
reflection of the incident single photon can be sufficiently
suppressed by controlling the interplay between chirality and
backscattering. In particular, when the two conditions for per-
fect destructive interference between photons from different
pathways are satisfied, the UPSP arises. By properly tuning
the positions of the scatterer and adjusting the frequency of
the photon, the amplitudes of the photon produced by the
scatterer can be enhanced to preserve the perfect destructive
interference, and consequently, unidirectional propagation is
maintained for the dissipative case.

This paper is organized as follows. The model is de-
scribed in Sec. II by directly calculating the response of
such a system to a single injected photon. Section III dis-
cusses the interplay between chirality and backscattering. The
UPSP against dissipations is investigated in Sec. IV. Finally,
we conclude our work and suggest experimental demon-
strations of our proposal with current photonic techniques
in Sec. V.

Atom

FIG. 1. Schematic diagram of the interplay between chirality and
backscattering in a microresonator. A single photon depicted as a
wiggly wave is incident from the left side of the waveguide. A
scatterer (a red ball) and a two-level atom (a black ball) with a right-
hand circularly polarized transition (o, transition) are coupled to a
WGMM. The electric field at the position of the atom is elliptically
polarized and thus the photon-atom interaction is nonideal chiral.
The nonideal chirality leads the atom asymmetrically coupling to
both the CW and CCW propagating modes in the WGMM (i.e.,
simplified as modes b and a) with different coupling strengths as

8a > &b-

II. MODEL AND SOLUTIONS

The schematic of the system to realize the UPSP with
nonideal chiral photon-atom interactions between a WGMM
and a two-level atom is shown in Fig. 1. Due to the cavity
evanescent electric field at the position of the atom being
elliptically polarized, the atom coupled to both the CW and
CCW modes with different coupling strengths. When the res-
onance energy of the atom is far from the cutoff frequency
of the dispersion relations of the WGMM and the waveguide,
the effective Hamiltonian of the system in real space under
the rotating wave approximation with modeling the single-
excitation is given by (with z = 1) [9,48-50]

H = H.,, + Hjc + Hps, (D

wherein
T .9
Hey = | dxCr(x)| wo — zvga— Cr(x)
X

+ /dxCZ(x)(a)o + ivgaa—x>CL(x)

1 Y
+lw.—i— Ja'a+ |w. —i— |b'b
Ta Tp

+ f dx8()[V,Ch(x)a + VFa'Cr(x)]

+ / dx8(x)[VyC} (x)b + Vb CrL(x)], 2)

describes the cavity-waveguide system, the Jaynes-Cumming
interaction Hamiltonian
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Hyc = (Q - ZT—>022 + (juaoy + jra'op)
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describes the atom-cavity-mode interaction, and
Hps = r(eé®ba’ + e *b'a) 4)

is the backscattering-induced intermode coupling. Here, C, ; (2)
[CZ (x)] is the creation operator for a right-going (left-going)
photon of frequency w at the x position of the waveguide. wy is
areference frequency, around which the waveguide dispersion
relation is linearized. a* (b7) is the creation operator for the
CCW (CW) mode with the same frequency of w, and dissi-
pation rates of 1/t, (1/73). 0y is the atomic operator [i) (]|
with the atom transition frequency 2 and the excited state
dissipation rate of 1/1,. V, and V}, are the coupling strengths of
different modes to the waveguide. Typically, the right-moving
(left-moving) photon only couples to the CCW (CW) mode
of the WGMM. As we are only interested in a narrow range
in the vicinity of the atomic resonant frequency, V, and V,
are safely assumed to be independent of frequency [10,11,51].
Physically, such an assumption is equivalent to a Markovian
approximation [48]. The Dirac delta function 6(x) indicates
that the WGMM is near the location x = 0 of the waveguide.
Ja = — ¢ - d and Jb = — - d are the coupling strengths be-
tween the atom and the WGMM modes [49,52-54]. (j;a and
@ are the electric field profiles of modes a and b. d is the
atomic dipole vector. When the transition from the excited
state to the ground state corresponds to the difference in the
magnetic quantum number of A, = 41, d is necessarily a
complex vector. Consequently, the coupling strengths of j,
and jj, are complex numbers [49,50] for the atom coupling
to the pair of degenerate WGMM modes, which gives bu =¢:’;
and thus | j,| # |j»| [49]. Therefore, we can simplify the cou-
pling strengths as j, = g.e” and j, = gpe ™ with g, > g,.
re® is the intermode coupling strength due to backscattering,
with phase & depending on the relative position between the
scatterer and the atom [55]. Experimentally, the effective size
(denoted by r) of the scatterer (i.e., the overlap between the
scatterer and the mode volume of the WGMM) can be pre-
cisely controlled by a nanopositioner, while the quality factor
of the WGMM is nearly unaffected by the scatterer [45—47].
In this work, we concentrate on manipulating the UPSP
by utilizing the interplay between chirality and backscattering
in the WGMM. The single photon is injected from the left
side of the waveguide and the atom is originally prepared in
the ground state. After being scattered by the cavity-atom-
scatterer system, the incident single photon may be absorbed
by the atom, may excite modes of the WGMM, and may also
be scattered to the left or right directions along the waveguide.
Generally, in the case of single-photon transport, a single-
photon pulse has a duration that is much longer than the
spontaneous lifetime of the atom [56]. Therefore, the general
eigenstate of the system should take the following form:

ly) = / dx[prCph(x) + ¢.C} ()1]0y, g)

+e,a' |0y, g) + esb' [0y, ) + €202110,, 8),  (5)

where |0,,, g) is the vacuum, with zero photon in the waveg-
uide and the atom in the ground state. e,, e, and e, are
the excitation amplitudes of mode a, mode b, and the atom,
respectively. The spatial dependence of wave functions can be
expressed as

Pr = €0 (—x) + 1,0 (x), 6)

¢L = rue "0 (—x), )

where 6(x) is the step function, and k = (0 — wo)/ve. T =
|t,|> and R = |r,|? give the transmission and reflection prob-
abilities of an input photon with frequency w, respectively.
Following the procedure in Refs. [9,16,48,49,57,58] that di-
rectly dealt with the photon scattering eigenstates in real

space, the time-independent Schrédinger equation H|y) =
w|y) yields

0
— Ve —@r(x) + 8(xX)Vae, = (w0 — wo)Pr(x), (®)
ox
d
Vg —@L(x) + 8(X)Vpep = (0 — wo)Pr(X), )
0x
<wa - i%)ea + V¥ ¢r(0) + gue Ve, + re e, = we,,

C

(10)
1 A _
(wb —i ;)eb + Vi r(0) + gree, + ree, = wep,
(11)

1 i0 -6, _
Q lr eq+ gue" e, + gre ey = wey.
2

12)

Integrating the above equations, the set equations are ob-
tained as follows:

—ivg(t, — 1)+ Vse, =0, (13)
_ivgru + Vbeb = 01 (14)

1 Ve —if —if
w. —Ii— e, + 7(1 + 1)+ gae Vey +re "t ey = wey,

a

(15)
e — il e V—b* it £y =
e b + ry + greeq +rete, = wep,
Tp 2
(16)
Q— ll e, + i0 + —i6 _
- g 1 8ae" eq + gre ey = wey.
(17)
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Finally, the main parameters denoting the transmission and reflection properties (¢, and r,) are calculated as

—i20 (0 = Q + i) [gagpe™ + re (0 — Q +i)]

r, =

agap — g2g0 — r}(w — Q+ ir—lz)2 — 8a8pr c0s(20 — £)(w — Q2 + irl—z)’
ocb[(w —Q+ lrlz)(a) — W — gfl)] -2 — rz(a) - Q+ iflz)2 — 8a8p7 cOs(20 — E)(a) —Q+ l#)

(18)

ty =

with [V |=1V,|=V, T'=VQ2V,), a,=(w—-Q+
)@ =@ +i7 +i0) — g, and @) = (@ — L+ iz ) (@ —
w, + it +il) — gj.

These analytical results of the amplitudes provide a com-
plete description of the single-photon transport properties.
Typically, without intrinsic loss, T+ R = 1 is satisfied to
obey the probability conservation of the single excitation.
To realize UPSP under-non-ideal chiral photon-atom interac-
tions, the reflection amplitude of r, needs to be significantly
suppressed, while the transmission amplitude remains high.
As shown in Eq. (18), we can see that the reflection amplitudes
include two paths, wherein photons in one path are emitted
by the atom and are coupled to the mode b and photons in
the other path are scattered from mode a to mode b by the
scatterer. It can be seen from Eq. (18) that the amplitudes of
the two paths have different phases and result in constructive
or destructive interferences between them depending on the
practical parameters. Given that the coupling strengths be-
tween the atom and the WGMM are fixed, both the frequency
of the incident photon (i.e., @) and the coupling strength
between the scatterer and the WGMM can be precisely mod-
ulated. For example, the position of the scatterer can be
controlled by a nanopositioner, and thus, re®® can be finely
tuned to result in destructive interference between the mode b
photons from two different paths [45-47]. Specifically, when
re = —g,g,e” /(0 — Q2+ i), the mode b photons from
two paths have the same amplitudes but have a phase differ-
ence of . This results in perfect destructive interference, and
then the UPSP is realized. In the following, the interference
effect of the interplay between chirality and backscattering
will be demonstrated in the rest of the work.

III. UNIDIRECTIONAL TRANSMISSION OF SINGLE
PHOTONS UNDER NONIDEAL CHIRAL
PHOTON-ATOM INTERACTIONS

First, we investigate the single photon scattered by the
WGMM-atom-scatterer-waveguide system with nonideal chi-
ral photon-atom iterations by ignoring the dissipations (i.e.,
1/t, = 1/7, = 1/15 = 0). Considering the photon-atom cou-
pling is in the strong coupling regime with g, = 3I", g, =
0.6I', Q=w,and A =w — w, = w — 2.

Before we proceed, we briefly outline some of the main
features of the transmission and reflection amplitudes of
Egs. (18) and (19). When the two-level atom is coupled to
the WGMM with ideal chiral photon-atom interactions and
without the scatterer, i.e., g, = 0 and » = 0, resonant photons
(A = 0) are always perfectly transmitted with 7 = 1. Phys-
ically, all the emitted photons are coupled to mode a, which

tatty — £285 — r2(0 — Q+ L)’ — gugorcos(26 — £)(w — Q +id)

) 19)

(

results from the destructive interference between the emitted
photon and the directed transmitted photon with 7 = 1 [50].
Specifically, when the scatterer is coupled to the WGMM
(i.e., g» = 0 and r > 0), the incident photon is also transmit-
ted. It can be deduced from Eq. (19) that when A =0 and
g» =0, T =1 regardless of the coupling between mode a
and mode b. Although the mode b photon of the left circular
polarization is created by the scatterer, the mode b photon
does not interact with the atom of the o transition because
the polarization of mode b is orthogonal to the atomic o
transition. Therefore, UPSP is robust against scattering under
ideal chiral photon-atom interactions. However, the properties
are different when the coupling between the atom and the
WGMM is nonideal chiral, as g, = 3T, g, = 0.6I",and r = 0.
Because the atom is coupled to both WGMM modes a and
b, the amplitude of the photon emitted by the atom coupled
to mode a is less than that of the ideal chiral photon-atom
interaction. The destructive interference between them results
in suppressing the amplitude of the output photon along the
waveguide with T < 1. When the scatterer is coupled to the
WGMM with r > 0, the interference between photons from
different paths will disturb the transporting properties, which
will be demonstrated in detail.

As plotted in Fig. 2(a), with A = —0.225T and 6 = 0.57,
the position of the scatterer determining two parameters of
r and & modulates the reflection properties, wherein an area
of no reflection corresponding to small values of r is found.
The details are shown in Fig. 2(b), with 8 = 0.57 and & =
1.07r. As the backscattering strengths are increased, the am-
plitudes of the mode b photon produced by the scatterer are
enhanced to strengthen the destructive interference so that
the reflection probabilities are suppressed. When the value
of the backscattering strength is increased to r = 8.0I", the
perfect destructive interference required as res = —5%"’29 is
satisfied. This directly results in R = 0. Further increasing the
backscattering strength makes the amplitude of the photon
from the scattering process larger than that from the atom,
and then the perfect destructive interference is no longer
satisfied with R > 0. In the limit of » = 25T > g, > T, as
shown in the inset of Fig. 2(b), the reflection probabilities
in the WGMM-atom structure are the same as those in the
empty WGMM with strong backscattering strengths, wherein
R, is the reflection spectra of the empty WGMM with g, =
g» = 0. Physically, the modes of the WGMM split by the
strong backscattering strengths lead to the atom decoupling
to the WGMM, so the incident photon is totally transmit-
ted with R =~ 0, which indicates that the incident photon
does not interact with the WGMM-atom structure. Conse-
quently, the transmission process can be divided into the
interference regime (r < 25I") and the backscattering regime
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FIG. 2. Reflection spectra of the incident single photon under the nonideal chiral photon-atom interaction. g, = 3T", g, = 0.6I', 6§ = 0.57,
and A = —0.225T in the upper part; g, = 3I', g, = 0.4I", 6 = 0.3, and A = —0.3I" in the lower part. The horizontal and vertical lines in
(a) correspond to (b) and (c), respectively. R, in the inset of (b) and (e) are the reflection spectra of the empty WGMM with g, = g, = 0 and
then the reflection probabilities only depend on the coupling strength r between modes a and b. The results show that the interference between
mode b photons from two paths can be used to realize the UPSP under the nonideal chiral photon-atom interaction by changing the position of

the scatterer.

(r > 25T"). When perfect destructive interference occurs with
r = 8.0T", the atom is actually coupled to the WGMM, and
thus, the information of the atom carried by the single photon
without backflow is exactly the kind of mechanism we need.
Figure 2(c) demonstrates that, when the atom is coupled to
the WGMM with nonideal chiral interactions and without
introducing the scatterer of » = 0, the reflection of the incident
photon is unavoidable as R > 0. In contrast, when r = 8.0T",
the UPSP can also be obtained by changing the position of
the scatterer along the WGMM to vary the relative distance
between the scatterer and the atom.

The above conclusions are regardless of the parameters,
such as the coupling strengths between the atom and the
WGMM (i.e., g4, &, and 6). For example, as shown in
Fig. 2(d), when the system is fixed with g, =3.0T", g, =
0.4T", and 6 = 0.3, the total transmission area is also found
at the frequency detuning of A = —0.3I". The corresponding
perfect destructive interference occurs with a much smaller
backscattering strength of » = 4.1I", as shown in Fig. 2(e).
Specifically, the enhancement of reflection probabilities is
found to be R(r = 9.5T") > R(r = 0). This indicates that the
amplitude of b photons scattered from the a photon is more
than double that of the emitted photons, and thus, the in-
terference between them leads to enhancement. The inset
of Fig. 2(e) demonstrates that (i) when the backscattering
strength is around the perfect destructive interference point,
there are significant differences between R, and R. This means
that the interference is directly produced by the interplay
between chirality and backscattering, wherein mode splitting
is not dominant and both the atom and the scatterer are cou-
pled to the WGMM. (ii) When the backscattering strengths

are much larger than the atom-WGMM coupling strengths
(i.e., r = 25T), the system is changed into the backscattering
regime and then both two kinds of reflections are suppressed
to R =~ R, ~ 0. The UPSP can also be realized by controlling
the relative position of the scatterer with a small backscatter-
ing strength of r = 4.0T", as illustrated in Fig. 2(f). Therefore,
even when the photon-atom interaction is nonideal chiral,
UPSP is able to be realized by adjusting the position of the
scatterer and changing of the frequency of incident photons.
Next, we investigate the UPSP influenced by the frequency
detuning of the incident photons. As shown in Fig. 3(a), with
0 = & =0, the reflection spectra can be controlled from 0
to 100% by properly tuning the positions of the scatterer
and adjusting the frequency of the photon. Perfect destructive
interferences demonstrated as R = 0 still arise with detuned
frequencies. When 6 = 0 and & = 0.5, the reflection spec-
tra are symmetrical to the resonant frequency, as shown in
Fig. 3(b). Specifically, the reflection properties of resonant
photons are insensitive to the backscattering strengths. It can
be deduced from Egs. (18) and (19) that when 20 — & =
(n+ %)n, n==1, £2, ..., the transmission and reflection
amplitudes of resonant photons with A = 0 do not depend on
the backscattering strength r. The behaviors are demonstrated
in Fig. 3(c) in detail. With g, = 0.6" and r = 0, due to the
atom coupled to both WGMM modes, the transmission spec-
tra have three dips. Physically, the two counterpropagating
modes of the WGMM are through linear superposition and
can alternatively be described as two standing-wave modes.
One of the standing-wave modes has a minimum amplitude at
the position of the atom, and thus corresponds to the middle
dip of A = 0. The other standing-wave mode at the position
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FIG. 3. Reflection spectra as A and r varied in (a) and (b).
Transmission spectra for different » and phases in (c) and (d). 6 =0
and £ =0in (a); 0 =0 and § = 0.57 in (b); 6 =& = 0.57 in (¢);
r = 8.0I" in (d). Other parameters are g, = 3.0I" and g, = 0.6I". The
symmetry of the spectra around the resonant frequency depends on
the WGMM-atom and WGMM-scatterer coupling strengths.

of the atom does not have a minimum amplitude and experi-
ences Rabi-like splitting by interacting with the atom. As the
intermode coupling strength is increased, the two side dips
resulting from the Rabi-like splitting are broadened. However,
the central dip is not affected by the increase in r. This means
that, although the strong backscattering strengths larger than
the WGMM-atom and WGMM-waveguide coupling strengths
split the transmission spectra obviously, the central mode
still couples to the atom with unchanged coupling strengths.
The fixed coupling strengths lead to transmission properties
under 6 = £ = 0.5 having no relation to the backscattering
strengths of r.

Then, we further investigate transmission spectra around
the resonance with different phases around A = 0. As shown
in Fig. 3(d), when 6 = & = 0.57, the transmission proba-
bilities are symmetric about A = 0. However, other choices
of phases make the spectra change asymmetrically as Fano
resonance [59-61]. Here, the scatterer adopted to backscatter
the WGMM modes is equivalent to a mirror to reflect the
photon [62].

IV. UNIDIRECTIONAL PROPAGATION OF SINGLE
PHOTONS AGAINST DISSIPATIONS

Finally, the effects of dissipations on the interplay between
chirality and backscattering are numerically investigated. In
general, the unavoidable intrinsic dissipative processes in the
waveguide-WGMM-atom system always result in the leakage
of photons into the nonwaveguide modes. These dissipations
directly disturb the interference between mode b photons from
two different paths and then affect the transmission properties
[63]. As demonstrated in Fig. 4(a), when a two-level atom
is coupled to the WGMM with dissipations, the regions of
R = 0 can also be found around the resonance by adjusting the
positions of the scatterer. Typically, Figs. 4(b) and 4(c) show
that the transmission contrast, evaluated as D = ;;ng [12,64],
can also be reached as D = 1 by adjusting A or &, and thus
the incident photon is unidirectionally propagated to the right
side of the waveguide with R = 0. This UPSP also results
from the perfect destructive interference between the mode b
photons from two paths with R = 0. The underlying physical
mechanism is that the amplitude of the photon is influenced
by the scatterer from mode a to mode b, so that the precondi-
tions required for perfect destructive interference are satisfied.
The required backscattering strength can be evaluated from

. 260
Eq. (18) as re® = — &= Therefore, the UPSP promoted
here is a robust mechanism to overcome the influence of

dissipations.

V. DISCUSSIONS AND CONCLUSION

To realize the above scheme in real experiments, two re-
quirements should be prepared in advance. One requirement
is that the position and backscattering strength of the scat-
ter could be precisely tuned. Practically, silica nanotips as
Rayleigh scattering engineered by wet etching of a tapered
fiber are widely used to couple with the two WGMM modes
[41,42,44-47,65]. Moving the nanotip towards the WGMM
increases the overlap of the tip with the mode volume and
enhances the backscattering strength. The position of the tip
can be controlled by a nanopositioning stage with a resolution
of nanometers for each step [45]. The other requirement is that
a single atom can be deterministically coupled to the WGMM

4 ~ 1.0 ; 1.0

) fo3s by S Qa5
£ ' - R T ' —r
=2 0.17 0.5t . X .| 05! i
wee D D

I 0.0 \/ \/\/

Q2 0 2 O'QZ 0 2 0'00 2 4
AT A/T &/m

FIG. 4. Unidirectional propagation properties of single photons influenced by the dissipations. (a) Reflection spectra with dissipations.

1)1, =1/t, =1/, =0.2I',r =3I', g, = 2I', g, = 0.4T", and 6 = 0. Although the dissipations of the WGMM and the atom result in photons
decaying into the environment, the regions of R = 0 can also be found around the resonance by adjusting the positions of the scatterer.
(b) Unidirectional propagation contrast of single photons (defined as D = %) under the nonideal chiral photon-atom interaction against
dissipations, with £ = 0.25z. One perfect destructive interference is found at the reflection spectra, which guarantees the incident photon
transporting to the right side of the waveguide without reflections. (¢) Unidirectional propagation contrast of D = 1 can also be obtained by

changing the relative positions of the scatterer, with & = 0.37 and A = 0.2T".
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with nearly chiral photon-atom interactions. Recently, a deep-
standing—wave-optical dipole trap created by retroreflecting a
focused laser from the WGMM surface was demonstrated to
trap a single Rb atom at a distance of 200 nm near the surface
of the WGMM [34,66]. By applying a strong far-detuned laser
(with o_ circularly polarization) to a V-type Rb atom, the
AC Stark effect results in the o_ transition of the V-type
Rb atom decoupling to WGMM [67,68]. Consequently, the
WGMM can only couple to the o transition of the atom [28],
as required in Fig. 1.

In conclusion, one scatterer coupled to the evanescent field
of the WGMM is adopted to manipulate the single-photon
transport along the waveguide-WGMM-atom system. When a
two-level atom is coupled to the WGMM with nonideal chiral
photon-atom interactions, the UPSP along the waveguide can
be realized by changing the positions of the scatterer. Due to
the amplitudes of the photon being affected by the scatterer,
the above UPSP is preserved even including dissipations. Our
proposal can be realized within the current photonic technolo-
gies, applicable to both neutral atoms and solid-state emitters.
Based on the interplay between chirality and scatterer, the
demonstrated UPSP mechanism may be applied to enhance
the performance of unidirectional single-photon devices such

as quantum memories, nonreciprocal photonic devices, and
switches under nonideal chiral photon-atom interactions. Our
work could also be extended to multiple atoms, as each atom
could contribute to both chiral and scattering interactions, and
the dynamics of the system are worth further investigation.
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