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1. Introduction

The interaction of light and matter at the single-quantum level is
the basis of essential physics of many phenomena and applica-
tions'"), which has been extensively explored in various quan-
tum systems, such as quantum emitters (QEs) coupling with
single-mode waveguides'*™), cavities!'*"'®, plasmons!®~*],
and whispering-gallery mode microresonators'**~), In recent
years, an emerging field of research, called “chiral quantum
optics”!), exhibits chiral interactions of light and QEs**~*!
and has received extensive attention in the field of optical non-
reciprocity[3 2:35,39-41]

To realize the chiral light-matter interaction, an external
magnetic field is usually required to induce the magneto-optical
effect™!! or initialize the states of QEs**. It greatly limits the
miniaturization and integration of single-photon devices.
Recently, all-optical approaches, based on the optical Stark shift
of quantum dots (QDs)™! and the valley-selective response in
transition metal dichalcogenides'*’), have been proposed to
release the requirement of magnetic biases. Towards on-chip
chiral single-photon interfaces, non-magnetic schemes have
been designed based on a whispering-gallery mode microreso-
nator chirally coupled with a two-level QE!*>?*3%0],

Theoretically, the single-photon transport (SPT) problem in
the system of a whispering-gallery mode microresonator
coupled to a waveguide can be solved by methods such as the
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We investigate the single-photon transport problem in the system of a whispering-gallery mode microresonator chirally
coupled with a two-level quantum emitter (QE). Conventionally, this chiral QE-microresonator coupling system can be stud-
ied by the master equation and the single-photon transport methods. Here, we provide a new approach, based on the
transfer matrix, to assess the single-photon transmission of such a system. Furthermore, we prove that these three
methods are equivalent. The corresponding relations of parameters among these approaches are precisely deduced.
The transfer matrix can be extended to a multiple-resonator system interacting with two-level QEs in a chiral way.
Therefore, our work may provide a convenient and intuitive form for exploring more complex chiral cavity quantum electro-

Keywords: chiral cavity QED system; master equation method; single-photon transport theory; transfer matrix method.

master equation (ME)!**+*) the SPT!*2%°0-52] ‘314 the transfer
matrix (TM)®*. The whispering-gallery mode microresonator
system containing a two-level QE has also been discussed under
the framework of the ME and SPT theory'*?*?**4], even extend-
ing to the chiral interactions”®***>*’1, However, how to deal
with the chiral interaction of a whispering-gallery mode micro-
resonator with a two-level QE using the TM method is still not
available. The inner link among these three methods also
remains to be revealed.

In this work, we study the SPT problem in a chiral QE-micro-
resonator system using the TM method. By introducing a non-
linear coefficient related to the two-level QE into the transfer
relation, we can use the TM method to solve the single-photon
transmission. In this sense, the two-level QE can be regarded as a
single-photon phase-amplitude modulator. Furthermore, we
demonstrate that the ME, SPT, and TM methods are equivalent
in dealing with such chiral cavity quantum electrodynamics
(QED) systems. The correspondence between the parameters
of the three methods is strictly deduced.

This paper is organized as follows. In Sec. 2, we review the ME
and the SPT theory for the SPT problem in a chiral QE-micro-
resonator system, respectively. Next, we discuss the TM
approach and show that the three methods above are equivalent
if we treat the two-level QE as a single-photon phase-amplitude
modulator. In Sec. 3, we show the numerical results of these
three methods. In the end, we present a conclusion in Sec. 4.
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2. System and Model forward case (g # 0) in detail, and the backward case corre-

The chiral QE-microresonator system, depicted in Fig. 1, con- sponds to the system without the QE (g =0).

sists of a whispering-gallery mode microresonator, a waveguide,
and a two-level QE. The microresonator, which can be made 2.1. Master Equation Method
with various material platforms, such as silicon oxynitride!*>*°),
polymers®”), or silicon on insulator®®*=*"), supports two travel-
ing wave modes, i.e., clockwise (CW) and counterclockwise
(CCW) modes. Near the outer sidewall of the microresonator,
the evanescent fields of the whispering-gallery modes are almost
perfectly circularly polarized with its polarization locked to the
propagation direction'*”**), We assume that the evanescent field

of the CCW mode is 6+ -polarized and that of the CW mode is with same resonant frequency Q and dissipation ki, are
o~-polarized. As shown in Fig. 1, the QE is positioned near assumed to be coupled with each other in a strength h due to

the outer sidewall of the microresonator. After initializing the scatterer. Here, we divide the dissipation ki, into two parts,
the QE in a specific spin ground stat Ql61-63] (1 hifin g the tran- the intrinsic decay rate of k;,, and the external loss of x,, satisfy-
sition energy with a polarization-selective optical Stark mg Kt_‘)l = Kin + K_e"' A weak coherent field offrequer}cya) withan
effect!®*-%% we can treat the QE as a two-level system with o nly amplitude a;, drives the CCW mode a. In a good single-photon

6" -polarization-driven transition. One can use a precisely posi- approxur.latlop, % < 1.Ina frame rotatmg‘at t}?%]frequency @
tioned atomM097] QDI3426869) o1 nangpillar covered by the Hamiltonian of our system can be obtained™"™":

monolayers'”°7?! to construct that two-level QE. As a result,
the QE-microresonator coupling strength is dependent on the ~ H=—-Aja’a — Ayor6™ — Ab'b + i/ 2Ky (a" — a)

propagating direction of light in our chiral system. In the for- +g(a'e™ + o*a) + h(a'b + bla), 1)
ward case, the incident light from port 1 excites the CCW mode,
and it strongly couples with the QE with the coupling strength g.
However, in the backward (port 2 incident) case, the CW mode
is decoupled with the QE, and thus the coupling rate is negligible
(i.e., g = 0). Practically, backscattering is usually present due to
the surface roughness of the microresonator. In this paper, we

treat the backscattering as one scatterer'”*), as depicted in Fig. 1. X et
Below, we first provide the ME, SPT, and TM methods to nators instead of the scatterer, the Hamiltonian has the same

solve the response of the system. Then, we show that these three form as Eq. (1). In this case, i describes the coupling strength

methods are equivalent if we treat the two-level QE as a single- between th(? two microresonators. .
photon phase-amplitude modulator. We only discuss the Introducing the dissipation of the QE, y, the evolution of the
system can be found by solving the ME,

In this section, we discuss the ME method to solve our model.
For a coupled atom-microresonator system, it has been ana-
lyzed®*). Here, we discuss the chiral coupling using the same
approach. We consider that a two-level QE with transition fre-
quency @, is coupled to the CCW mode and decoupled to the
opposite mode. The two degenerate whispering-gallery modes,

where g represents the coupling strength between the CCW
mode and the QE. A} = w — Qand A; = w — @ are the detun-
ings. b is the annihilation operator of the CW mode. ¢* are the
raising and lowering operators describing the two-level QE. It is

worth noting that if we consider the coupling of two microreso-

p=—ilH, p] + k1 (2apa’ — a’ap — pa'a)

as
t_ bty — bt
\ TWO-leVel QE + Ktol(z bpb b bp pb b)
-x +7yvQRo pot —6toTp—pote), (2)
g
d _ where p is the density operator. From Eq. (2), we can derive the
= a equations of motion,
2

a=iAa+ ay\/ 2k — igo™ — ihb, (3a)
Fort2 o~ =ih,o™ + igo.a, (3b)

Co
DE— b=iAb — iha, (3¢)

b

and obtain the steady-state solution,
Fig. 1. Schematic of a chiral QE-microresonator system. A two-level QE is

coupled to a whispering-gallery mode microresonator in a chiral way to form (a) = iain\/zkexAlAZ (4)
the QE-microresonator system. A waveguide is side coupled to the microre- A(AA, + (6,)g%) — Ah*’

sonator as input and output ports. A scatterer on the microresonator is con-
sidered to introduce backscattering. The arrows represent the propagating where 6,=6"6" —67 06", Aj = A, + ik, and A, = A, + iy.
direction of a single photon for an input to port 1 (green) or port 2 (red). According to the input-output relation, (dq,) =, — /2K (a),
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the transmission amplitude is defined as f,, = (dyy) /. Thus,  single-photon transmission amplitude, we take @p(x)=
we can get the transmission amplitude in port 2: e*[0(—x) + t,0(x)] and @gp(x) =r,e 0(—x) with the
Heaviside step function 6(x), where t,, (r,,) is the transmission

_A(A ik, — k) Ay + 0,87 — Ay 5 (reflection) amplitude, and g is the wave vector of the input field

= ARA, +0.8%) — M1 : ) with the frequency around w. Based on the Schrodinger equa-

tion in real space, H|y) = id|y)/dt, we can derive the steady-

The transmission of port 2 can be obtained from T =|t,[>. ~ State transmission amplitude in port 2:

Moreover, the full quantum dynamics of the system can be - ] o o i 1o
found by numerically solving Eq. (2) in a truncated space of pho- t, = Al(A, :i_ Kin — Kex) B —& 1= Azh
ton number for the whispering-gallery modes. Aj(A A, - g%) = A

, (8)

where the detunings A;, A, and A, are the same as the param-
2.2. Single-photon transport method eters in Sec. 2.1.

Hereafter, we consider only a single photon in our system. Based [f we consider 0z = _,1 H[lﬁf]h e ME method, that is, the weak
on the SPT theory*2%%, our previous work®! has given a probe field approximation'’™, we can find that Eq. (5) and

transmission amplitude for such a chiral system. The Eq. (8) are equivalent. In Sec. 2.4, we will verify that the TM

Hamiltonian for the single-excitation system takes the form>*! method is consistent with the SPT method.

P 2.3. Transfer matrix method
H= [ axdo (wo — ivg —)cF(x) . | |
0x Next, we study the chiral QE-microresonator system using

+ 9 the TM method. Under the notation in Fig. 1, the coupling rela-

+ / dxcp(x) (a)o T ivg a) cp(x) tion between the waveguide and the microresonator can be writ-

ten as
+(Q —ix,)ata + (Q —ix,,)bTb
+ (Q. — iy)ala. + angag { a; =1t"b) —Kk*ay { a =t"d; —Kk*¢ )

. bo = tao + K'bl do = tCO + Kdl
+ f dxd(x) [Vac;(x)a + ViaTe (x)]
where f and k are the transmission and coupling coefficients, and

+ /dxé(x) [Vbc;g(x)b + Vi chB(x)] [t|> + |x|*> = 1 for lossless coupling. We write Eq. (9) in a matrix
form:
+gac, +g*a'c_ + hb'a + h*a'b, (6)
a -1 ¢ 0 0 a,

where ] /(%) is a Bosonic operator creating a forward- or back- b, 1l-t 1 0 o b,
moving photon with refelrence frequency @, at x in the wave- c el o o -1 # o
guide, 6 = a} ay (6~ = aga,) is the raising (lowering) operator 4 o o - J
for the QE with transition frequency g = Q. — €, g is the cou- 0 B !
pling strength for the interaction between the QE and the CCW a
mode a, and the QE is decoupled to the CW mode b in our sys- b,
tem. V, y, is the waveguide-microresonator coupling strength of =My . (10)
mode a or b. We set V, =V, =V and thus have the external “a
decay rate of the microresonator k., = V?/2v,, where v, is the dy

group velocity of the photon in the waveguide.

A single-excitation state for the system is given by The size of the QE and the scatterer is much smaller than that

of the structure of the microresonator, so theoretically they can
be treated as particles. We assume the coupling point of the

lw)= / dx[@p (.t ch(x) 4 @p(x.t)ch (%)]|@) waveguide with the microresonator, QE, and scatterer divide
the microresonator into three parts with lengths L; (j = 1, 2,
+ e (B)a’ + e ()b + e (t)o™]12), (7)  3), satisfying L, 4+ L, + Ly = 2zR; see Fig. 1. Here, R is the

radius of the microresonator. The field component notations
with the eigenfrequency , where @ 5 (x.t) is the single-photon  are shown in Fig. 1. When a single photon propagates around
wave function of the forward- or backward-moving mode, &, is ~ the microresonator, it will accumulate propagation phases 6; =

the excitation amplitude of mode a or b, and &, is the excita-  fL; and may attenuate with loss aj(Lj)[53]. We take 0 =6, +

tion amplitude of the QE. Note that Y =e @Y with 0, + 05 and a = a,a,a;. The factor f is the propagation con-
Y € {@r.@1.earreq}- |@) is the vacuum state. To solve the stant in the microresonator as given by f = n.gw/c, where
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N is the effective refractive index, and w is the frequency. Thus, 2.3.2. No two-level QE and one scatterer

we have the transfer relation In this case, we consider the effect of the scatterer in the micro-

resonator. The relation between the amplitudes can be written as

! a3 b, =tby + r,¢y, ¢3 =ty + 1b3, a3 = a,, and d, = d5. Thus, we
b, b, have
= MoM, , (11a)
B (<]
d, d, 1 0 0 0
0 1/t ri/ts 0
B 192 Mx — / S S/ S , (16)
by = a2 a, (11b) 0 —r/t; 1/tg 0
) 0 0 0 1
d; = aye¥ic,, (11¢)
where where t, and r, are the transmission and reflection coefficients,
respectively. They satisfy |t,|* 4 |r;|> = 1 when the dissipation
0 of the scatterer is neglected. The two whispering-gallery modes
arte™™ 0 0 0 led to each other in thi w the scatterer i
0 wael® 0 0 are coupled to each other in this case. We assume the sca [671;131“ is
My = 0 0 a;le‘i93 0 , (12) weak, thus we can write t; and r in the following forms"~":
0 0 0 a e )

ts=cosezl—?, r¢=1isin € & ie. (17)
M, is derived from the contributions of the QE and the scatterer,
and its exact form will be discussed below. We refer to M, and

Then, we have the transmission amplitude in port 2:
M,,, as coupling and propagation matrices. Combining

Egs. (10) and (11), we obtain the TM as i0 t,—t*ae”
_ by _ —t+ae” (18)
a as B
by by
= McleproMx . (13)
o G
2.3.3. One two-level QE and no scatterer
dy ds

Here, we study the effect of a two-level QE directionally coupled

We consider a single input of port 1 (c, = 0). It excites the  to a microresonator. Because the QE is in a specific spin ground

CCW-direction whispering-gallery mode. In the following, we  state or the polarization-selective energy-level transition, the

will discuss the single-photon transmission in four differ-  coupling of the QE and the evanescent field on the microreso-

ent cases. nator is direction-dependent. The reflection of single-photon

propagation will vanish due to such chiral QE-light interac-

tion®*), In this case, the single photon will not excite the

2.3.1. No two-level QE and no scatterer CW mode, leading to decoupling between the CCW and CW

modes. We assume the single photon through the two-level

QE with a transmission coefficient tg, ie., a;=1tqa, and
d, = ds, such that

We first consider the case without two-level QEs and scatterers;
the form of M, can be directly obtained:

100 0 tZ4 0 0 0
0100 L0 o
M, = (14) _
1o o1 0 M, = o1 ol (19)
00 0 1 0 0 1
In the absence of scatterers, the CCW and CW modes are and
decoupled. Substituting Eq. (14) and Eq. (11) into Eq. (13),
we get the transmission amplitude in port 21 by —t+aet, (0)
t(u =TT T 0.

Y a —1+at*e’ty’
b —t !
_ Y _ + ae (15)

“ ey —l4arte?’ The specific form of £, will be discussed below.
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2.3.4. One two-level QE and one scatterer where I' is the decay rate from the QE into the waveguide.
Therefore, substituting Eqs. (17), (23), and (24) into Eq. (22)

Combining with the above discussions, we can obtain the form . > ]
and ignoring the second-order small quantity, we have

of M,, considering both a two-level QE directionally coupled to
the microresonator and a scatterer:

e
TR e P

el o o @ renrtosnib () )
0 0 0 1 —1+ (1 +idy7) [(1 - Affir) (1 + ialf,fia/z)]

A1[(A1 + iy, — iKex)Az —TQ2/tn—Ka)] - Az:%

The transmission amplitude can be calculated as I ——
A[A A, -T2/t —Kio))] = Azi—g‘

by —ttaety % (22) CA(A Fikin = iKe) By TR F — k)] = Ay (X F)? (25)
= = s ar oy it R 1A A, —TQF =)= Ay(e X F)?

qe 1—t,t* e’

Comparing Eq. (25) with Eq. (8), we can find that if we take

It can be found that the transmission amplitude ¢, is indepen-
dent of the relative distance L, between the QE and the scatterer
on the microresonator from Eq. (22). This is because the chiral
coupling of the QE with the microresonator only causes a modu-
lation of the transmission ¢, of the single photon propagating in
the microresonator. Such modulation does not depend on the
position of the QE on the microresonator; see Eq. (21).
Therefore, the case of a single-emitter coupling can be general-
ized to multi-emitter cases by successively multiplying ¢, in the

QF —kq)=g% exF=h, (26)

the TM method and the SPT method are consistent. This also
proves that the assumption of Eq. (24) is well valid. For a system
in which a two-level QE is chirally coupled to the waveguide, the
light field interacts with the QE only once, and the decay rate
from the QE into the waveguide is I. However, when the QE
is coupled to the microresonator, the photons in the microreso-
nator interact with the QE many times. As a result, the micro-
resonator has a feedback modulation to the decay rate I'. If we

2.4. Single-photon phase-amplitude modulator define ey = /(27 = &)1 then the physical meaning of Iy is
the effective decay rate from the QE into the microresonator. It is

equal to the coupling strength g. For the second term in Eq. (26),
€ is a dimensionless parameter in the TM method. It is equal to
the backscattering strength h by multiplying the free spectral
range F, which has a dimension of frequency. Note that ¢ only
needs to vary from 0 to z; see Eq. (17). Thus, ¢ reflects the nor-
malized magnitude of backscattering strength in the
microresonator.

transfer relation of the field amplitudes.

We define the round-trip time of the microresonator,
T, = 27Rng /¢, that a photon needs to make a round trip in the
microresonator of length 2zR. It is the inverse of the free spectral
range F, i.e., 7,, = 1/F"°. Since F > 1 for a microresonator,
7, is a small amount. We have exp(if) = expli(w — Q)7 |~
1 + iA 7. On the one hand, for a single photon having travelled
a round trip in the microresonator, we have a,(7,;) = at*a;(0)

from the transfer relation. The circulating power meets Note that the chiral coupling of the two-level QE to the
|a1 () |* = @*#*|a; (0)|*. On the other hand, we can obtain  mjcroresonator does not require additional auxiliary fields.
|a) (7)|” = exp(=2ki171) @1 (0)* from the dissipative proper-  This vacuum-induced interaction causes a phase shift and an
ties of the microresonator. Hence, we have amplitude modulation of a single photon passing through the

QE. Therefore, the two-level QE can be treated as a single-
photon phase-amplitude modulator. We divide Eq. (24) into
two parts:

a=e¢ Tt 1 — KTy (23a)

t=e Tt m ] — Koy Tyt (23b)

Because the size of the two-level QE is much smaller than that fqe = exP(i¢pha) EXP(~Pai): @7)
of the bend structure of the microresonator, the interaction
between the evanescent field and the QE can be approximated
as a waveguide coupling with a two-level QE directionally®?),
with a transmission coefficient

where exp(ipypn,) = arg(t,.) represents the change of the phase,
and exp(—qg;s) = |tqe| describes the attenuation of the ampli-
tude. The additional propagation phase introduced by the
two-level QE can be equivalent to a shift of the effective reso-
® — @ +i(y =T nance frequency of the microresonator. When a single photon
= a© , (24) travels around the microresonator, in the absence of the QE,

@ = wqe +i(y +T) we have 0=2zRf=2rmw/Q, where m=QnR/c is the
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modal number. But, if we consider the chiral QE-microresona- gradually splits [see Figs. 2(b) and 2(c)]. The calculation results
tor interaction, the additional propagation phase ¢, leads to  of the three methods are exactly the same.

0+ Ppha = 2TM@ / Q‘eff- The effective resonance frequency of Then, we consider the chiral coupling of a two-level QD. BY
the microresonator is modeling the two-level QD chirally coupled to the microresona-

tor as a single-photon phase-amplitude modulator, we can use

PO the TM method to solve SPT problems. Figure 3 shows the trans-

Q. ~ Q (1 _ Tpha ), (28)  mission spectra without scatterers. The presence of the two-level

2rma QD causes the transmission spectrum to split"**. We can find

that the transmission spectra calculated by the three methods

and Qi &~ Q(1 — @y, /27m) for Q/w ~ 1. are consistent regardless of whether it is under weak coupling,

In general, by equating a two-level QE directionally coupled ~ I'=0.1y and I'=y (g/k;, =0.03 and g/k, = 0.1), or strong

with a microresonator to a single-photon phase-amplitude  coupling, I' = 100y (g/x = 1). The results taking into account

modulator, we can use the TM method to solve the SPT problem  the effect of backscattering are shown in Fig. 4. We consider the

in such chiral QE-microresonator systems. This only needstobe  case of strong coupling, I' = 100y. Whether it is in the case of

multiplied by a transmission coefficient t . in the transfer rela- ~ weak backscattering [see Fig. 4(a)] or strong backscattering

tion. Furthermore, this approach can be extended to more com- [see Fig. 4(b)], the calculation results are consistent.

plex systems such as a coupled-resonator optical waveguide  Therefore, our numerical results further confirm the above theo-

interacting with an array of two-level QEs in a chiral way!”®.. retical analyses and prove the correctness of the parameter cor-
respondence among these three methods.

We now discuss the effect of the pump power in the ME

method. It is proportional to the driving amplitude a;,. As we

3. Results have analyzed above, the three methods are equivalent only if

Below, we numerically study our system to prove the consistency ~ the probe field is a weak pump. It can be found that with the
of these three methods. For the TM and SPT methods, we solve increase of the driving amplitude, the results of the TM method
Egs. (22) and (8) directly, whereas, for the ME method, we per- gradually have a difference with those of the ME method,
form a full quantum dynamics simulation using Eq. (2). We seta

prepared QD as the two-level QE for coupling to a silicon-based

microresonator in a chiral way. In Figs. 1-4, the experimentally I'=0.ly, k=0 I'=y, h=0 I'=100y, k=0
available parameters are chosen as!®>*®””! R =10.5pm,
e = 1.5, F /2n =3 THz, ay,/ \ /Ko = 0.1, and y/27 = 6 MHz.
The conversion relationships between the parameters of the
three methods are given by Eqs. (23) and (26). We take

= ME

t=a=0.99, thus satisfying the critical coupling condition, “SPT
Kex/27 = ki /2 = 30 GHz. The frequency of the QD is resonant 10 o 10 a0 0 10 0 0 10
with the microresonator, i.e., ®g. = Q. Alk gy Al g, Al gy

We first consider the case without a two-level QD, corre-
sponding to I' =0 (g = 0), shown in Fig. 2. When the strength
h = 0, the deep transmission appears at the resonance point [see

Fig. 3. Transmission spectra for a chiral QE-microresonator system without
considering the backscattering: (a)-(c) ' = 01y, ' = v, and T = 100y,

respectively.
Fig. 2(a)]. As the strength h increases, the transmission spectrum P /
r=0,h=0 =0, h=x, r=0, h=10x,
&) I'=100y, h=x, I'=100y, h=10x,,
1
(@) (b)
—TM
= ME
o SPT =05
-10 0 10 -10 0 10 -10 0 10
Alk Alk Alk —TM —TM
tol tol tol
- ME - ME
Fig. 2. Transmission spectra of a waveguide coupled with a microresonator. o~ o SPT
The blue solid, red dashed, and green dotted curves are calculated by the TM, -10 0 10 -10 0 10
ME, and SPT methods, respectively. The settings in the following figures are A/ntol A/nml

the same: (a) in the absence of backscattering, (b) and (c) in presence of the
backscattering with strengths h = k;, and h = 10k, respectively. See Sec. 3 Fig. & Transmission spectra for a chiral QE-microresonator system with the
for other parameters. QE and the scatterer: (a) I = 100y, h = &, and (b) I” = 100y, h = 10k,
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1 1=
0.9 SRR —————
Md
RN
.
=05 0.5 RN
\N
—T™ S
— « ME(0.1) ™
— - ME(0.5) - 1511\1/21
P i ME(1.0) 0
-10 0 10 0 0.5 1
A/l Qin/ /Kol

Fig. 5. (a) Transmission spectra for different driving amplitudes a, (corre-
sponding to different pump powers), where the blue solid curve is calculated
by the TM method, and the green dash-dotted curve (the red dashed curve,
the purple dotted curve) is calculated by the ME method, with ap/ /Ko = 0.1
(atin/ /Keol = 0.5, @i / /&gt = 1). (b) Transmission spectra as a function of a,
at different decay rates, where I = y (the blue solid curve) and T" =100y (the
red dash-dotted curve) correspond to weak and strong coupling, respectively.
Other parameters are ke = kin = 0.5ki0, ¥/Kiol = 1% 107 g/kio = 1, and
h = K.

especially at the resonant frequency A/ky = 0; see Fig. 5(a).
This is because the average photon number of the system reaches
its maximum at the resonance, and it is no longer a single-pho-
ton case. Figure 5(b) shows the transmission spectra versus the
driving amplitude o, at A/k =0. The result of the TM
method is constant because it is independent of a;,. In contrast,
in the ME method, the transmission decreases as a;, increases
for both strong and weak coupling of the QE. As shown in
Fig. 5(b), in the range of &,/ /Ko < 0.23, the transmission cal-
culated by the ME method is greater than 0.9 (see the black dot-
ted line). At this time, the result calculated by the TM method,
T = 1, is almost consistent with it. For a larger pump power, the
TM method is no longer accurate. It is worth noting that at off-
resonance, the TM method is still valid, as shown in Fig. 5(a).

4. Conclusion

We demonstrate that a two-level QE can be treated as a
single-photon phase-amplitude modulator in a chiral QE-
microresonator system. Based on this, we can solve the SPT
problem by the method of TM. Theoretical analyses confirm
that the TM method is consistent with the ME and the SPT
methods. Also, the results of numerical analysis prove the cor-
rectness of parameter relationships. Without loss of generality,
the TM method can be extended to solve the single-photon
transmission of any number of two-level QEs chirally coupled
to multiple microresonators.
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