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The coherent light-matter interaction has drawn an enormous amount of attention for its fundamental impor-
tance in the cavity quantum-electrodynamics (C-QED) field and great potential in quantum information appli-
cations. Here, we design a hybrid C-QED system consisting of a quantum dot (QD) driven by two-tone fields
implanted in a photonic crystal (PhC) cavity coupled to an auxiliary cavity with a single-mode waveguide and
investigate the hybrid system operating in the weak, intermediate, and strong coupling regimes of the light-matter
interaction via comparing the QD-photon interaction with the dipole decay rate and the cavity field decay rate.
The results indicate that the auxiliary cavity plays a key role in the hybrid system, which affords a quantum
channel to influence the absorption of the probe field. By controlling the coupling strength between the auxiliary
cavity and the PhC cavity, the phenomenon of the Mollow triplet can appear in the intermediate coupling regime,
and even in the weak coupling regime. We further study the strong coupling interaction manifested by vacuum
Rabi splitting in the absorption with manipulating the cavity-cavity coupling under different parameter regimes.
This study provides a promising platform for understanding the dynamics of QD-C-QED systems and paving the

way toward on-chip QD-based nanophotonic devices.
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1. INTRODUCTION

Cavity quantum electrodynamics (C-QED) [1,2], researching the
physics of an interaction system including a single quantum emit-
ter and a single radiation mode and classifying the interactions
into weak, intermediate, and strong coupling regimes, has drawn
tremendous attention not only because it provides a test bed for
quantum physics, but also because it has potential applications in
quantum information processing [3—7]. Semiconductor nano-
structures coupled to optical resonators, such as a single quantum
dot (QD)—semiconductor microcavity system [8], a single QD
embedded in a microdisk microcavity system [9], and photonic
crystal (PhC) micro/nanocavities with self-assembled QD systems
[10], are a fascinating platform for studying solid-state C-QED
systems. In particular, PhC nanocavities coupled to QDs are some
of the most advanced systems for studying C-QED and con-
structing devices for quantum information processing due to their
strong light-matter interactions originating from the tight optical
confinement of the nanocavities. Based on the QD-microcavity
systems, various remarkable quantum phenomena have been
revealed, including laser oscillation [11], spontaneous emission
control [12], single-photon sources [13], quantum entanglement
[14], and vacuum Rabi splitting (VRS) [8,10,15].
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For coherent manipulation, a key prerequisite is to reach the
strong coupling regime, where the emitter-photon coupling
strength becomes larger than the decay rates of the emitter
and the cavity field decay rate. Strong light-matter coupling
manifested by VRS has been observed in QD-C-QED systems
[8,10], which have been employed for developing various
classical and quantum optical devices, such as optical switches
[16,17], nonclassical light generators [18], and quantum gates
[19]. Since the first observation of the VRS in a solid-state
system composed of QDs and PhC cavities [10], this system
has been considered as a great candidate for realizing strong
coupling between QDs and a microcavity. In the past
decades, great efforts have been made in the investigation of
C-QED focusing on a single quantum emitter inside a cavity
[11,15,20-22], and how to improve the quality factor and re-
duce the mode volume of the resonators for realizing stronger
interactions. Recently, Liu ez al. [23] have presented a protocol
for realizing effective strong coupling in a highly dissipative
C-QED system, where a highly dissipative cavity interacted
simultaneously with a single emitter and an auxiliary cavity
with a high quality factor but a large volume. Their results have
shown that the vacuum Rabi oscillation occurs for a single
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quantum emitter inside a cavity even with the bosonic decay-to-
interaction rate ratio exceeding 10, when the photon field is
coupled to an auxiliary high-Q cavity.

In this paper, we consider a hybrid QD-PhC nanocavity sys-
tem, where the QD driven by two-tone fields is embedded in a
PhC nanocavity coupled to an auxiliary cavity. We investigate
three conditions, i.e., the weak coupling regime, the intermedi-
ate coupling regime, and the strong coupling regime, by com-
paring the QD-photon interaction g with dipole decay rate I'
and the cavity field decay rate « in the system. The QD-photon
coupling strength ¢ and cavity-cavity coupling strength / affect-
ing the three coupling regimes are studied, and even in weak
coupling and intermediate coupling regimes, the absorption
spectra can present a Mollow triplet [24] by controlling the
coupling strength /. Further, under different parameter
regimes, such as different cavity-cavity coupling strengths /
and different pump detuning A, the absorption spectra of
the QD show remarkable VRS, which indicates strong light-
matter coupling in the hybrid system. The scheme may pave
the way towards the realization of QD-based on-chip quantum
photonic devices.

2. SYSTEM AND METHOD

As shown in Fig. 1(a), a C-QED system consisting of a QD
embedded in a PhC nanocavity a with optical pump-probe
technology [25] is coupled to an auxiliary cavity ¢ with a single-
mode waveguide, which is an ideal platform for the photon
exchange between two optical cavities [26]. Here, we take a
Fabry—Perot C-QED system as an example, and it allows gen-
eralization to other physical implementations, such as PhC
nanocavity QED [10] and solid-state circuit QED systems
[27]. Cavity a and cavity c are coupled with coupling strength
J by exchanging energy [28], and / depends on the distance
between the two cavities. The cavity-cavity coupling rate /
can be efficiently tuned by changing the distance between
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Fig. 1. (a) Schematic of the C-QED system coupled to an auxiliary

cavity, and the two cavities coupled to each other via the photon-
hopping interaction; (b) two energy levels of a QD coupled to a
single-cavity mode and two optical fields; (c) and (d) are the energy
level transitions with an entangled state |n,) (7, and 7, represent
the number state of the photon mode of cavity a and cavity ¢; 7., =
n, + n, is the total photon number of the two cavities).
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them [29]. When coupling strength / is weak in between
the two cavities, then the energy from cavity a cannot transfer
easily to cavity c. Conversely, if the coupling strength / increases
by decreasing the distance between the two cavities, then the
energy can easily flow from the two cavities. The cavity-
cavity coupling Hamiltonian [30] can be described as H,, =
hf(atc+ act). We consider the QD as a two-level system,
which includes the ground state |g) and the single exciton state
le) [31] at low temperature, whose Hamiltonian is described as
H op = hw,o”, with the exciton frequency ®,, where 6 and
oF are the Pauli operators. Herein, the pump field with fre-
quency @, drives only the cavity mode 4 with a frequency
®,. Considering a strong pump field and a weak probe field
simultaneously irradiating to the QD, the Hamiltonian of
the QD coupled to the two laser fields [32] is Hgp p =
—pEp(ct e 4 676" - uE (6T e + 67 ¢"), where u
is the electric dipole moment of the exciton, @, and w, are
the frequency of the two fields, and £, () is the slowly varying
envelope of the pump field (probe field).

We use the rotating frame of the pump laser frequency w,
and obtain the whole Hamiltonian of the system as

H=hA,0*+hAa*a+hActc+hg(cTatoat)
+nj(atc+act)-hQ,(6" -07) —pE (6T e 4 676,
(1)

where A, = @, - @, is the exciton-pump field detuning, A, =
w, -, is the PhC nanocavity-pump field detuning, A, =
o, - w, is the auxiliary cavity-pump field detuning, and
8 = o, - w, is the probe-pump detuning. 4% (¢*) and 4 (c)
are the creation and annihilation operators for cavity a and c,
respectively. ¢ denotes the coupling strength between the
exciton in the QD and the photons in the PhC nanocavity,
and Q, = puE,/h is the Rabi frequency of the pump laser.
According to the Heisenberg equation of motion and introduc-
ing the corresponding damping and noise terms, we obtain the
quantum Langevin equations (QLEs) as follows [33]:

0,06° = -T'\(6* + 1) - ig(cTa-0c"a%) +iQ,(6" -07)

+ th (6T e — ge®"), @

0,6- = -(iA, + I'))o™ + 2igac® - 2iQ,6°
2iuE 6%

T () @

0,a = -(iA, + K,/2)a - igo™ - ic + a;,(r),  (4)

0, = -(iIA, +K./2)c - iJa+ c;,(2), (6)

where I") (I';) is the exciton relaxation rate (dephasing rate), and
Kk, and k. are the decay rate of cavity a and c, respectively. 7;,()
[4;,(2) and c;,(7)] is the § correlated Langevin noise operator
with zero mean obeying the correlation function (z;,(£)7;,(¢')) ~
8(r — 1) Uy (£)a, (1)) ~ 8(2 = 1), (e (0)esy (1)) ~ 8(2 - £1)]).

As the probe laser is weaker than the pump laser, the
Heisenberg operator O can be rewritten as the sum of its
steady-state mean value Oy and a small fluctuation 6O with zero

mean value (60) =0, i.e.,, O = Oy + 60 (0 = 06%,67,a,c)



Research Article

Xl e

with the standard methods of quantum optics. The steady-
state values determine the steady-state population inversion
(wy = 6%) of the exciton, which obeys the equation

Ty (wo + DigPwg (A7 + K2/4) - 28%wo[2]* (8,A, + Tk,
+ A%(FZKa - ZApAu) + KLZ‘(FZKﬂ/z - ApAa)]

+ (A7 + THE} + 4w [LQE = 0, (6)

where
E = (A2 + k2/4)(A2 + k2/4) + TP (ke /2 - 28,0) + T
7

Keeping only the linear terms of the fluctuation operators, we
make the ansatz [32] (5O) = O, e + O_¢. Solving the
equation set and working to the lowest order in E| but to all
orders in £, we obtain the linear susceptibility as )(i‘? (w,) =
uS (@) /E, = 2.y (w,) with ; = p?/hT,, and yV(w,)
is given by

7115 (Ag + &6115) - 2iwg Ag]l,

D(w) = 8

27 @) AAg + esegL TT, - @

where IT) = 2i(gay - Q,), I, =2i(gag -Q,), &, = m’
— -i/ — -ig — -ig

&2 T Ma A0t 3 T Wb stjen 2 4T Wb Ao e R, 2

e — i(gay-Q,-goje3) _ iR, +gooe;~gay) _ o, fo =

5 = T,-i5 4 6 — T,-i6 4 7 T T,-i 8 —

i(gay -, g0 €4) __ (8, +g00e3-gay) __ oy A, =

T +ié > 9 = T +ié > €10 = I +i5 =

i(A, -0) + Ty - Tes - 2igwpes, Ay = -i(A, -0) +T'5-
Iheg - 2igwoe;, Az = i(A, +0) + T, - Tl eg - 2igwgey,
and Ay = -i(A, +0) + I'y + Iyeg + 2igwoel (R* indicates
the conjugate of R). The imaginary and real parts of y" ()
indicate absorption and dispersion, respectively.

3. NUMERICAL RESULTS AND DISCUSSION
We choose the realistic coupled system of an InAs/GaAs QD

embedded in a PhC nanocavity [10] in the simultaneous pres-
ence of a strong pump laser and a weak probe laser as shown
in Fig. 1(a); the realistic parameters [34] of the system are
kK, =k, =8 MHz, I') = 2I'; = 5.2 MHz. J is the coupling
strength between the two cavities, which strongly depends on
the distance between the two cavities [35], and the coupling
strength we expect is /22 ~ MHz. By comparing the QD-
photon interaction g with dipole decay rate I'} and cavity field
decay rate k,, we investigate three conditions, i.c., weak
coupling regime (¢ = 2 MHz,¢ < I'},k,), intermediate cou-
pling regime (g = 6 MHz,¢ ~I"},k,), and strong coupling
regime (¢ = 30 MHz,¢ > I'},k,), in the system.

There are two kinds of coupling in the hybrid C-QED sys-
tem, i.e., exciton-photon coupling ¢ and cavity-cavity coupling
/> which will affect the dynamics of the system. Then, we
should investigate the absorption properties of QD under
different parameter regimes in resonant detuning Ap =0,
A, =0,and A, = 0. In Fig. 2 we show how absorption spec-
tra versus the probe detuning A; = w, - @, change with the
exciton-photon coupling ¢ and cavity-cavity coupling / in
three different cases, including the weak coupling regime (g <
I',x,) in Fig. 2(a), the intermediate coupling regime
(g~Ty,k,) in Fig. 2(b), and the strong coupling regime
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Fig. 2. (a)—(c) Probe absorption spectra of the probe field as a func-

tion of probe detuning A, at AP = 0 under three conditions, i.e., weak
coupling, intermediate coupling, and strong coupling regimes. The
parameters used are I'y = 5.2 MHz, k, = k, = 8.0 MHz, Q;, =
1.0(MHz)%, A, = 0, A, = 0.

(g >T,k,) in Fig. 2(c), respectively. Obviously, when the
exciton-photon coupling is g = 0 (i.e., a pure QD system),
the absorption presents a Lorentz line shape. However, when
g # 0, the absorption spectra experience an absorption peak to
the normal splitting from a weak coupling regime to a strong
coupling regime. Moreover, when we further consider the cav-
ity-cavity coupling /, the absorption spectra display significant
distinction. In the weak coupling regime [¢ = 2 MHz and
J = 1.0k, in Fig. 2(a)], although the absorption still presents
a central Lorentzian peak, the full width at half-maximum is
decreased and the absorption intensity is enhanced compared
with a single QD in the single PhC cavity system. In the in-
termediate coupling regime [¢ = 6 MHz and J = 1.0k, in
Fig. 2(b)], the absorption shows a Mollow triplet, and such
a Mollow triplet can be observed only in strong coupling re-
gimes in the cavity and the emitter system [24]. In the strong
coupling regime [¢ = 30 MHzand / = 1.0k, in Fig. 2(c)], the
absorption presents more remarkable Rabi splitting, and an ab-
sorption peak also arises at A; = 0 compared with the condi-
tion of / = 0. From the above discussion, we can draw a
conclusion that the evolution of absorption depends strongly
on the exciton-nanocavity coupling strength ¢ and cavity-cavity
coupling strength /.

Because the cavity-cavity coupling will affect the absorption
of the QD and the absorption spectra vary significantly from
the weak coupling regime to the strong coupling regime, then
in the following we will investigate the parameter / in detail
under different coupling regimes. We first consider the weak
coupling regime (¢ = 2 MHz). In the weak coupling regime,
the Purcell effect [30] can cither enhance or inhibit the decay
rate of irreversible spontaneous emission. Figure 3 presents the
probe absorption spectra as a function of probe detuning A,
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Fig. 3. Probe absorption spectra as a function of cavity-cavity cou-
pling strength / in the weak coupling regime (g = 2.0 MHz). The

other parameters are the same as in Fig. 2.

with several different cavity-cavity couplings / when the pump
is on resonance (A, = 0). With the increase of the coupling
strength / from / = 0.1k, to / = 5.0k, the probe absorption
spectral intensity is enhanced and the full width at half-
maximum is decreased.

Second, in the intermediate coupling regime (¢ = 6 MHz),
the probe absorption spectra will change from double peaks to
triple peaks under different cavity-cavity coupling /, as shown
in Fig. 4. When J = 0.1k, the absorption spectrum presents
two peaks as normal mode splitting, and the width of splitting
relies on the exciton-photon coupling strength ¢. With the in-
creasing of the coupling strength /, a third peak appears in the
absorption spectrum, and the middle peak is enhanced, while
the two side peaks are weakened. We termed the phenomenon
of the triple peaks as a quasi-Mollow triplet, which is demon-
strated in a strong coupling C-QED system [24]. Therefore,
the phenomenon of a quasi-Mollow triplet can arise in our sys-
tem even in the intermediate coupling regime by controlling

intermediate coupling g=6.0 MHz
15
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-60 -30 30 60

0
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Fig. 4. Probe absorption spectra as a function of cavity-cavity cou-
pling strength / in the intermediate coupling regime (g = 6.0 MHz).
The other parameters are the same as in Fig. 2.
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the cavity-cavity coupling. That is to say, the auxiliary cavity
c plays a key role, and even in the intermediate coupling re-
gime, a quasi-Mollow triplet can also appear in the hybrid
C-QED system, which provides a scheme to investigate
Mollow triplets in weak or intermediate coupling regimes.

Third, in the strong coupling regime (¢ = 30 MHz), the
peak-splitting in the absorption spectra is a VRS based on
C-QED, as shown in Fig. 5. Strong light-matter coupling man-
ifested by Rabi splitting has been demonstrated in the QD-PhC
cavity system [37,38]. Here, when we consider the role of the
auxiliary cavity c, the VRS will vary significantly. In Fig. 5,
when the cavity-cavity coupling is weak, such as / = 1.0x,,
the absorption presents the normal Rabi splitting that is dem-
onstrated in a QD-PhC cavity system [37,38]. This manifests
itself as two distinct Lorentzian peaks and an anticrossing
behavior. The phenomenon can be interpreted with a
dressed-state picture. When the QD coupled to the PhC cavity,
the excited state of the exciton |¢) is dressed by an entangled
state |n,,), satisfying the total photon number of the two
cavities 7, = n, + n. (n, and n, represent the number state
of the photon mode of cavity a and cavity ¢). Then the original
eigenstates |¢) are modified to form two dressed states, i.c.,
le, 71,0¢) and |e, 7, + 1). The left sharp peak indicates the tran-
sition from |g) to |e, 7, + 1), and the right sharp peak is the
transition from |g) to |e, 7). With increasing the coupling
strength / from / = 1.0k, to / = 5.0k, the splitting of the
two side peaks is more remarkable, and one absorption peak
will also appear in the absorption spectra at A, = 0. In the
excitation of a strong pump field to cavity a, the steady-state
entanglement state |7,,) between cavity a and c, as a quantum
channel, can be generated, which provides an indirect optical
pathway to excite cavity ¢ by means of the pump field.
Therefore, the coupling strength / of the two cavities is an
important factor of the quantum channel, which can influence
the width of the Rabi splitting and induce one absorption
at A, = 0.

When the pump field is detuned from the exciton transition
(A, #0), the scenario of absorption becomes completely

strong coupling g=30 MHz
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a
. . J=05x,

0.9
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Fig. 5. Probe absorption spectra as a function of cavity-cavity cou-
pling strength / in the strong coupling regime (g = 30 MHz). The
other parameters are the same as in Fig. 2.
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Fig. 6. Probe absorption spectra as a function of the pump fre-
quency detuning A, in the strong coupling regime (g = 30 MHz).
J = 2.0k, Q; = 20 (MHz)?, and the other parameters are the same
as in Fig. 2.

different. Figure 6 shows the probe absorption spectra as a
function of the pump frequency detuning A, with fixed pump
intensity le) = 20 (MHz)?. Different from the condition of
the exciton-pump field detuning A, =0 in Figs. 4 and 5,
the probe absorption splits into a doublet where each peak has
equal strength presenting symmetrical splitting. However,
when A, # 0, the absorption peaks corresponding to the
splitting are asymmetric, and a prominent avoided crossing
phenomenon occurs in the system [23]. By increasing the de-
tuning A, the location of the Lorentzian peaks has a frequency
shift. This behavior may be ascribed to the off-resonant cou-
pling between the QD and the PhC nanocavity. In addition,
vacuum Rabi oscillation is direct evidence of the coherent
energy exchange between the emitter and the cavity photon
field. On the other hand, the probe absorption splits into
two resonances, known as the Autler—Townes (AT) splitting,
which is also observed in strongly driven QD systems [25].
In their work, the probe absorption spectra display symmetrical
splitting when the pump is on resonance (i.c., A[, = 0), and
show asymmetric splitting at off-resonance (i.e., A, #0).
When we consider an auxiliary cavity, the evolution of the
Rabi splitting changes significantly, and the probe absorption
spectra are very different from a single QD system. This further
demonstrates the role of the auxiliary cavity in the hybrid sys-
tem, and the auxiliary cavity ¢ indeed provides a quantum chan-
nel to affect the probe absorption. Obviously, the absorption
spectra can be modified effectively via the off-resonant coupling

between the QD and the PhC nanocavity.

4. CONCLUSION

We have designed a C-QED system consisting of a QD with
optical pump-probe technology implanted in a PhC cavity that
is coupled to an auxiliary cavity and investigated three kinds of
coupling regimes, i.e., the weak coupling regime, intermediate
coupling regime, and strong coupling regime based on the
hybrid system. The probe absorption spectra show that the

Vol. 6, No. 12 / December 2018 / Photonics Research 1175

auxiliary cavity offers a quantum channel to influence the ab-
sorption of the probe laser. The cavity-cavity coupling plays a
key role in the system, and a Mollow triplet can appear in the
intermediate coupling regime rather than the strong coupling
regime by adjusting the coupling strength. We also research the
VRS in the absorption spectra in the strong coupling regime,
which manifests in strong light-matter interactions. This study
affords a platform to research QD-based C-QED systems and
chip-scale nanophotonic devices.

Note added: During the submission of our paper, I became
aware of a recent paper by Lichtmannecker and co-workers
[39], in which they experimentally demonstrated the coexist-
ence of weak and strong coupling with a QD in a photonic
molecule. The theoretical model used in the current work is

different from those described in Ref. [39].

Funding. National Natural Science Foundation of China
(NSFC) (11647001, 11804004); Natural Science Foundation
of Anhui Province (1708085QA11).
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