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Majorana fermions induced fast- and slow-light in a hybrid
semiconducting nanowire/superconductor device

Hua-Jun Chen(陈华俊)†, Peng-Jie Zhu(朱鹏杰), Yong-Lei Chen(陈咏雷), and Bao-Cheng Hou(侯宝成)

School of Mechanics and Photoelectric Physics, Anhui University of Science and Technology, Huainan 232001, China
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We investigate theoretically Rabi-like splitting and Fano resonance in absorption spectra of quantum dots (QDs)
based on a hybrid QD-semiconducting nanowire/superconductor (SNW/SC) device mediated by Majorana fermions (MFs).
Under the condition of pump on-resonance and off-resonance, the absorption spectrum experiences the conversion from
Fano resonance to Rabi-like splitting in different parametric regimes. In addition, the Fano resonances are accompanied by
the rapid normal phase dispersion, which will indicate the coherent optical propagation. The results indicate that the group
velocity index is tunable with controlling the interaction between the QD and MFs, which can reach the conversion between
the fast- and slow-light. Fano resonance will be another method to detect MFs and our research may indicate prospective
applications in quantum information processing based on the hybrid QD-SNW/SC devices.

Keywords: majorana fermions, Fano resonance, slow and fast light, hybrid semiconducting/superconductor
device

PACS: 78.67.Hc, 42.50.–p, 42.50.Gy DOI: 10.1088/1674-1056/ac3221

1. Introduction
Majorana fermions (MFs) have witnessed significant

progress over the past decade in solid state systems for
their potential applications in topological quantum com-
putation and quantum information processing[1–7] due to
the fact that they obey non-Abelian statistics. Although
MFs were proposed originally as a model for neutrinos,
the analogous Majorana zero modes have been observed
in condensed matter systems,[8] such as hybrid semicon-
ducting nanowire/superconductor (SNW/SC) structures,[9–12]

ferromagnetic atomic chains on a superconductor,[13] iron-
based superconductor device,[14] topological superconductor
devices,[15,16] and topological insulator structure.[17] In order
to observe Majorana-like signatures, several significant ex-
perimental schemes have been proposed, including the zero-
bias peaks (ZBPs) in tunneling spectroscopy,[9–13] the Joseph-
son effect,[18] the Coulomb blockade spectroscopy,[15] and the
spin-resolved measurements.[19]

On the other hand, due to the significant progress in
modern nanoscience and nanotechnology, artificial atoms,
i.e., quantum dots (QDs),[20–25] manifest the attractive in-
termediary for probing MFs both theoretically[26–30] and
experimentally.[31] However, in the detection of MFs with
QDs in the electrical domain, QDs are always considered
as only a resonant level.[26–30] Different from the previous
schemes for probing MFs, we have presented an optical
scheme for probing MFs with a QD considered as a two-
level system (TLS) and driven by the optical pump-probe
technology,[32–35] which may provide a potential supplement
for probing MFs. However, Rabi splitting and Fano resonance

induced by MFs in optical domain based on a hybrid QD-
SNW/SC device have not yet been explored to the best of our
knowledge, needless to say reaching the coherent optical prop-
agation, such as the fast- and slow-light effects.

In this paper, firstly we demonstrate that the probe absorp-
tion spectra of the QD show the switch from Rabi-like split-
ting to Fano resonance induced by MFs for different detuning
regimes in the hybrid QD-SNW/SC device, which can be il-
lustrated using the interference effect with the dressed state
theory. Under the condition of pump on-resonance, the probe
absorption spectra present a distinct Rabi splitting behavior
with increasing the QD-MFs coupling strength β , which man-
ifests a strong interaction of the QD and MFs, and the width of
the splitting is 2β , which indicates an approach to determine
the QD-MFs coupling strength. In the pump off-resonance,
the probe absorption spectra can show a series of asymmet-
ric Fano line shapes, and the Fano resonances are tunable un-
der different parametric regimes, such as the Majorana-pump
field detuning ∆M and the exciton-pump field detuning ∆c. As
Fano resonances are characterized by a rapid steeper disper-
sion, the light pulses can be accelerated and decreased sig-
nificantly, which correspond to the negative and positive dis-
persions, respectively, and then reach the fast and slow light
effect. Secondly, we investigate the coherent optical propa-
gation properties, i.e., the fast and slow light effect via the
group delay of the probe field around the transparency win-
dow accompanied by the steep phase dispersion. The results
show that a controllable fast-to-slow light propagation can be
reached with manipulating the parametric regimes.
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2. Model and method
The system under consideration is sketched in Fig. 1,

where a QD coupled to a near by MFs appearing in the
hybrid SNW/SC device,[9–12] and the Hamiltonian is given
by[26–30,32–35]

H1 = h̄ωexSz + iεMγ1γ2/2+ ih̄β (S−−S+)γ1

−µεp(S+ e−iωpt +S− e iωpt)

−µεs(S+ e−iωst +S− e iωst), (1)

where the first term indicates the Hamiltonian of the QD with
the exciton frequency ωex. In the previous works for probing
MFs, the QD is consider as a single resonant level with spin-
singlet state,[26–30] here we consider that the QD is a TLS with
the ground state |0〉 and the single exciton state |1〉, which is
described by the pseudospin operators Sz and S± with the com-
mutation relations [Sz,S±] =±S± and [S+,S−] = 2Sz.

Pump

laser

Probe

laser

QD

Detector

s wave SC

SNWβ
γ1

γ2

Fig. 1. The schematic of the hybrid QD-SNW/SC device, in which a
QD driven by a pump field and a probe field coupled to a nearby MF in
the end of SNW.

The second term is the interaction of the two MFs in the
end of SNW in the hybrid SNW/SC device. To describe MFs,
we introduce the Majorana operators γ1 and γ2 with the re-
lation γ† = γ and γ2 = 1 as they are their own antiparticles.
Here, εM = h̄ωM ∼ e−l/ξ is the coupling energy with l be-
ing the length of the SNW and ξ the superconducting coher-
ent length with Majorana frequency ωM. If the length l of
the SNW is large enough, we can find the coupling energy
εM ∼ e−l/ξ ∼ 0. Thus, we need to discuss the two cases, i.e.,
εM 6= 0 in terms of coupled Majorana edge states, and εM = 0
in terms of uncoupled Majorana edge states.

The third gives the nearby MFs γ1 coupled to the QD
with the coupling strength β , and the coupling strength is re-
lated to the distance of the QD and SNW/SC device. For sim-
plicity, we introduce the regular fermion creation and annihi-
lation operators f † and f with the anti-commutative relation{

f , f †
}
= 1, thus, according to the relation of γ1 = f † + f and

γ2 = i( f †− f ), Majorana operator γ can be transformed into
the regular fermion operator f . Then the third term reduces
to ih̄β (S− f † − S+ f ) with neglecting the non-conservation
terms of energy ih̄β (S− f −S+ f+) based on the rotating wave
approximation.[36]

The last two terms indicate the interactions between the
QD and two laser fields including a strong pump field with
frequency ωp and a weak probe field with frequency ωs simul-
taneously irradiating to the QD, where µ is the electric dipole
moment of the exciton, εp and εs are the slowly varying enve-
lope of the pump field and probe field, respectively. In a frame
rotated to the frequency ωp of the pump field, Eq. (1) can be
rewritten as

H = h̄∆pSz + h̄∆M( f † f −1/2)

+ ih̄β (S− f †−S+ f )− h̄Ωp(S++S−)

−µεs(S+ e−iδ t +S− e iδ t), (2)

where ∆p = ωex−ωp indicates the exciton-pump field detun-
ing, ∆M = ωM −ωp means the Majorana-pump field detun-
ing, and δ = ωs−ωp gives the probe-pump detuning. Here,
Ωp = µεp/h̄ is the Rabi frequency of the pump field. Accord-
ing to the Heisenberg equation of motion ih̄∂ρ/∂ t = [ρ,H]

(ρ = Sz, S−, f ), we can obtain the Heisenberg–Langevin equa-
tions of the operators with the corresponding noise and damp-
ing terms as follows:

Ṡz = −Γ1(Sz +1/2)−β (S− f † +S+ f )+ iΩp(S+−S−)

+(iµεs/h̄)(S+ e−iδ t −S− e iδ t), (3)

Ṡ− = −(i∆p +Γ2)S−+2βSz f

−2iΩpSz−2iµεsSz e−iδ t/h̄+ F̂in(t), (4)

ḟ = −(i∆M +κM/2) f +βS−+ ξ̂ (t), (5)

where Γ1 (Γ2) is the exciton relaxation rate (exciton dephasing
rate), and κM is the decay rate of the MFs. F̂in(t) is the δ -
correlated Langevin noise operator with zero mean, and ξ is
Langevin force arising from the interaction between the Majo-
rana modes and the environment.

We introduce the perturbation theory: ρ = ρ0 + δρ ,
where ρ indicates the operators Sz, S−, and f , then ρ0 (i.e.,
Sz

0, S0, and f0) means the steady parts, and δρ (i.e., δSz, δS−,
and δ f ) indicates the fluctuation ones. Substituting the per-
turbation method into Eqs. (3)–(5) we obtain the steady state
solutions of the variables as follows:

Γ1(w0 +1)+2β (S0 f ∗0 +S∗0 f0) = 2iΩp(S0−S∗0), (6)

β f0w0− (i∆p +Γ2)S0 = iΩpw0, (7)

(i∆M +κM/2) f0−βS0 = 0, (8)

which determine the steady-state population inversion (w0 =

2Sz
0) of the exciton as follows:

Γ1(w0 +1)(Ξ 2
1 +Γ

2
2 Ξ2 +Ξ3)

−4β
2
Ω

2
p κMw2

0 +4Ω
2
p w0Γ2Ξ2 = 0, (9)

where Ξ1 = β 2w0 + ∆p∆M, Ξ2 = ∆ 2
M + κ2

M/4, and Ξ3 =

∆ 2
p κ2

M/4−β 2Γ2κMw0. As all the pump fields are assumed to
be sufficiently strong, all the operators can be identified with
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their expectation values under the mean-field approximation
〈Qc〉 = 〈Q〉〈c〉,[37] after being linearized by neglecting non-
linear terms in the fluctuations, the H-LEs for the expectation
values are〈

δ Ṡz〉 = −Γ1 〈δSz〉−β (S0
〈
δ f †〉+S∗0 〈δ f 〉

+ f ∗0
〈
δS−

〉
+ f0

〈
δS+

〉
)+ iΩp(

〈
δS+

〉
−
〈
δS−

〉
)

+
iµεs

h̄
(S∗0 e−iδ t −S0 e iδ t), (10)〈

δ Ṡ−
〉
= −(i∆p +Γ2)〈δS〉+βw0 〈δ f 〉

+(2β f0− iΩp)〈δSz〉− iµεsw0 e−iδ t

h̄
, (11)〈

δ ḟ
〉
= −(i∆M +κM/2)〈δ f 〉+β

〈
δS−

〉
. (12)

In order to solve the equation set of the above H-LEs, we
make the ansatz[38] 〈δρ〉 = ρ+ e−iδ t + ρ− e iδ t . Solving the
equation set and working to the lowest order in εs but to
all orders in εp, we obtain the linear optical susceptibility as
χ
(1)
eff (ωs) = µS+(ωs)/εs = Σ1χ(1)(ωs) with Σ1 = µ2/(h̄Γ2),

and then the dimensionless linear susceptibility χ(1)(ωs) is
given by

χ
(1)(ωs) =

i[ΠS∗0−w0(Γ1 +Θ2Π ∗/D2− iδ )]Γ2

D1(Γ1 +Θ2Π ∗/D2− iδ )−ΠΘ1
, (13)

where φ1 = β/[κM/2+ i(∆M− δ )], φ2 = β/[κM/2+ i(∆M +

δ )], Θ1 = iΩp − β ( f ∗0 + S∗0φ1), Θ2 = iΩp + β ( f0 + S0φ ∗2 ),
Π = 2(β f0− iΩp), D1 = Γ2−βw0φ1 + i(∆p− δ ), and D2 =

Γ2 − βw0φ ∗2 − i(∆p + δ ). The imaginary and real parts of
χ(1)(ωs) indicate absorption and dispersion, respectively.

According to the light group velocity[39,40] υg = c/[n+
ωs(dn/dωs)], where n≈ 1+2πχ

(1)
eff , we obtain

c
υg

= 1+2π Re[χ(1)
eff (ωs)]ωs=ωex

+2πωs Re(dχ
(1)
eff /dωs)ωs=ωex . (14)

Obviously, when Re[χ(1)
eff (ωs)]ωs=ωex = 0, the dispersion is

steeply positive or negative, and the group velocity is signifi-
cantly reduced or increased. We further define the group ve-
locity index ng as

ng =
c

υg
−1 =

c−υg

υg
=

2πωexρµ2

h̄Γ2
Re

(
dχ

(1)
eff

dωs

)
ωs=ωex

= Γ2Σ Re
(

dχ
(1)
eff

dωs

)
ωs=ωex

, (15)

where Σ = 2πωexρµ2/h̄Γ 2
2 . One can observe the slow light

if ng > 0, and the superluminal light when ng < 0.[41] The
parameter values used in the paper:[9–12,35,42] the QD-MFs
coupling strength β = 0.1 GHz, the decay rate of the MFs
κM = 0.1 MHz, Γ1 = 0.3 GHz, Γ2 = 0.15 GHz, and Ω 2

p =

0.005 (GHz)2.

3. Results and discussion
Firstly, we discuss the case of uncoupled Majorana edge

state, i.e., εM = 0 (or ∆M = 0) under the condition of the
exciton-pump field detuning ∆p = 0, and the Hamiltonian de-
scribing the coupling between the QD and nearby MFs reduces
to Hint = ih̄β (S− f †−S+ f ). Then the absorption spectra will
display the symmetric splitting due to the fact that the cou-
pled Hamiltonian is analogical to the J–C Hamiltonian of the
standard model. In Fig. 2, we plot the probe absorption (the
imaginary part of the dimensionless susceptibility i.e., Im χ(1))
versus the probe-exciton detuning ∆s = ωs−ωex for several
different MF-QD coupling strengths β . Obviously, in the case
of β = 0, i.e., without MF-QD coupling, the absorption spec-
trum shows a lorentz peak. However, when the MF-QD cou-
pling β is considered, the absorption spectra display an evident
splitting behavior, and the splitting is enhanced prominently
with increasing the MF-QD coupling β from β = 0.1 GHz to
β = 0.6 GHz. In addition, the splitting in the absorption spec-
trum is symmetric, which is like the vacuum Rabi splitting,
and the width of splitting is 2β , and the peak splitting mani-
fests the strong interaction between MF and QD. The physical
origin of the results comes from the coherent interaction of the
QD and MFs, and we introduce the dressed state theory to ex-
plain this physical phenomena.[35] Because QD is considered
as TLS with the ground state |0〉 and exciton state |1〉, when
QD is coupled to the nearby MFs, QD will be modified by the
number states of the MFs nM inducing the Majorana dressed
states |0,nM〉, |0,nM +1〉, |1,nM〉, |1,nM +1〉. The left sharp
peak of splitting in the absorption spectra indicates the transi-
tion from |0〉 to |1,nM〉, and the right sharp peak is due to the
transition of |0〉 to |1,nM +1〉. On the other hand, we find that
the absorption dip will reach zero at ∆s = 0 when β 6= 0, that
is to say, the input probe field is transmitted completely with-
out any absorption, which is very similar to electromagneti-
cally induced transparency (EIT)[43] in Λ -type atoms systems.
Since EIT can induce slow light, the hybrid QD-SWN/SC sys-
tem can also reach slow light effect.

2β

-1.5 -1.0 -0.5 0 0.5 1.0 1.5
0

0.2

0.4

0.6

0.8

1.0

1.2

A
b
so

rp
ti
o
n
 (

a
rb

. 
u
n
it
s)

∆s (GHz)

β=0

β=0.1 GHz

β=0.2 GHz

β=0.3 GHz

β=0.4 GHz

β=0.5 GHz

β=0.6 GHz

Fig. 2. The probe absorption versus the probe-exciton detuning ∆s =
ωs − ωex for several different MF-QD coupling strengths β . The
other parameters are Γ1 = 0.3 GHz, Γ2 = 0.15 GHz, κM = 0.1 MHz,
Ω 2

p = 0.005 (GHz)2, ∆M = ∆p = 0.
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In Fig. 3(a), we investigate the dispersion (the real part
of the dimensionless susceptibility, i.e., Re χ(1)) as a func-
tion of ∆s for several different MF-QD coupling strengths β at
∆p = 0. It is obvious that the dispersion exhibits the negative
steep slope at ∆s = 0 for β = 0 (the black curve in Fig. 3(a)),
which combines the lorentz peak at ∆s = 0 in Fig. 2, lead-
ing to the fast light effect. However, if β 6= 0, the dispersion
will exhibit the positive steep slope at ∆s = 0, which combines
the zero absorption at ∆s = 0 in Fig. 2, resulting in the slow
light effect. It is analogous to EIT[43] in Λ -type atoms sys-
tems, a transparency window will lead to the slow light effect,
in our system the MF-QD coupling also results in the analo-
gous zero absorption transparency window, which is accom-
panied with the rapid normal phase dispersion, indicating the
coherent optical propagation, such as the fast and slow light
effect. No matter what regimes result in the zero absorption,
when a transparency window is observed, the slow light or
fast light will be induced. In our hybrid coupled QD-SNW/SC
system, when the transparency appears in the absorption spec-
trum, the slope around transparency window of the dispersion
will experience the conversion between the negative to pos-

itive. The positive steep slope of dispersion will induce the
positive group velocity index, i.e., ng > 0, then the slow light
phenomenon will appear in the system. On the contrary, if
the dispersion shows the negative steep slope, the group ve-
locity index will be negative, i.e., ng < 0, as a result the fast
light will be achieved. In Fig. 3(b), we plot the group veloc-
ity index ng of probe laser versus QD-MF coupling strength β

under the condition of ∆M = 0 and ∆p = 0. We can find that
the group velocity index ng experiences the positive–negative–
positive change, which corresponds to the slow-fast-slow light.
In Fig. 3(c), we also give the group velocity index ng as a
function of Rabi frequency Ω 2

p in the case of β = 0. As the
dispersion shows a negative steep slope at ∆s = 0 for β = 0
as shown in the black curve in Fig. 3(a), which combines a
lorentz peak in Fig. 2 resulting in the fast light effect. Further-
more, the group velocity index ng varies significantly around
Ω 2

p = 0.1 (GHz)2. In Fig. 3(d), we consider the case of β 6= 0,
due to the fact that the dispersion exhibits the positive steep
slope at ∆s = 0, and then the group velocity index ng is pos-
itive with varying the Rabi frequency Ω 2

p , therefore, the slow
light effect can be obtained.
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Fig. 3. (a) The dispersion as a function of ∆s for several different MF-QD coupling strengths β at ∆M = ∆p = 0. (b) The group velocity index
ng versus QD-MF coupling strength β under the condition of ∆M = 0 and ∆p = 0. (c) ng as a function of Ω 2

p for β = 0. (d) ng versus Ω 2
p for

β = 0.1 GHz.

Secondly, we consider the coupled Majorana edge state,
i.e., εM 6= 0 (or ∆M 6= 0) still in the case of ∆p = 0. In Fig. 4,
we display the probe absorption spectra versus ∆s for differ-
ent ∆M, which experience the conversion from unsymmetrical
splitting (Fano resonance like splitting) to symmetric splitting
(EIT like splitting) to Fano resonance. Unlike EIT with sym-
metric splitting, the Fano resonance-like splitting is an asym-
metry shape due to the fact that the scattering of light ampli-
tude under the condition of EIT is not met and a detuning is

introduced. Obviously, the absorption spectra show the Fano-
resonance-like splitting under ∆M 6= 0 due to the MF-QD in-
teraction, and the Fano-like resonance will change into a sym-
metric EIT-like splitting at ∆M = 0. Furthermore, the evolution
process of the two sharp unsymmetrical peaks varies signifi-
cantly for different detuning ∆M, and the amplitude intensity
of the left peaks is enhanced and the right peaks are reduced
with changing ∆M from ∆M = −0.3 GHz to ∆M = 0.3 GHz.
In addition, we find that the absorption spectra are asymmetric
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and a prominent avoided crossing phenomenon occurs in the
system,[44] which is very different from the case of ∆M = 0 in
Fig. 2, where the absorption spectra split into a doublet with
symmetrical splitting and each peak has equal strength. This
behavior is attributed to the off-resonant coupling between the
QD and MF.
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Fig. 4. The probe absorption spectra versus ∆s for several different ∆M
at the parameters of Ω 2

p = 0.005 (GHz)2 and β = 0.1 GHz.

Therefore, in Fig. 5, we further investigate the slow and
fast light effect under the condition of the coupled Majorana
edge state (∆M 6= 0) for the case of ∆p = 0. In Fig. 5(a), we

plot the absorption and dispersion spectra for the fixed QD-
MF coupling strength β = 0.1 GHz and the Rabi frequency
Ω 2

p = 0.005 (GHz)2 under ∆M = −0.1 GHz, and the absorp-
tion shows a Fano resonance and the steep slope around ∆s = 0
in the dispersion changes significantly. Thus, in Fig. 5(b), we
further display the dispersion versus ∆s for several different
∆M, and the processes of evolutions of the dispersion are re-
lated to the coupled Majorana edge state. Here, we only con-
sider the case of ∆M ≤ 0. Figure 5(c) shows the group velocity
index ng as a function of QD-MF coupling strength β under
several different ∆M, and it is obvious that ng can realize the
conversion from fast to slow light. Comparing the condition
of ∆M = 0 with ∆M 6= 0, we can see that the experience of the
group velocity index ng in ∆M = 0 is salient from the condition
of ∆M 6= 0. Because the parameter β can be manipulated with
controlling the distance between the QD and SNW/SC device,
we can obtain fast-to-slow light (or vice versa) by controlling
the parameter β in the system. In Fig. 5(d), we also present
the group velocity index ng versus Ω 2

p for three ∆M. We ob-
tain that ng experiences the conversion from slow to fast to
slow light at ∆M = −0.1 GHz. However, if ∆M < −0.1 GHz
(such as ∆M = −0.2 GHz or −0.3 GHz), the fast light effect
will dominate.
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In the above discussions, we only consider the case of the
exciton-pump field detuning ∆p = 0, while under the condition
of ∆p 6= 0, the Fano resonance will be altered tempestuously.
In Fig. 6(a), we plot the absorption spectra versus ∆s with in-
creasing ∆p from ∆p =−0.3 GHz to ∆p = 0.3 GHz under the
parameters of Ω 2

p = 0.005 (GHz)2 and β = 0.2 GHz in the
uncoupled Majorana edge state (∆M = 0), which experiences

the conversion from Fano resonance to Rabi-like splitting to
Fano resonance. Furthermore, besides ∆p = 0, we find that
the peaks in the absorption spectra present mirror symmetry at
∆p =±Θ (Θ indicates the definite numerical value) in the un-
coupled Majorana edge state. Here, we take ∆p = −0.3 GHz
and ∆p = 0.3 GHz as an example. If ∆p = −0.3 GHz, in the
absorption spectrum as shown by the red curve in Fig. 6(a),
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the left peak locates at ∆s = −0.4 GHz and the right peak lo-
cates at ∆s = 0.1 GHz. However, if ∆p = 0.3 GHz, in the
absorption spectrum as shown by the purple curve in Fig. 6(a),
the left peak locates at ∆s = −0.1 GHz and the right peak
locates at ∆s = 0.4 GHz. It is obvious that the left peak at
∆p = −0.3 GHz is mirror symmetric with the right peak at
∆p = 0.3 GHz, and the right peak at ∆p = −0.3 GHz is mir-
ror symmetric with the left peak at ∆p = 0.3 GHz in the ab-
sorption spectra. When we change the condition of ∆M = 0
into ∆M 6= 0, the Fano resonance manifests evident distinction
compared with ∆M = 0 with varying ∆p from ∆p =−0.3 GHz
to ∆p = 0.3 GHz as shown in Fig. 6(b). We find that, with in-

creasing ∆p from ∆p =−0.3 GHz to ∆p = 0, the splitting width
of the two peaks in the absorption spectra is reduced, i.e., the
absorption spectra is squeezed. However, with increasing ∆p

from ∆p = 0 to ∆p = 0.3 GHz, the splitting width of the two
peaks in the absorption spectra is enhanced, i.e., the absorption
spectra is stretched. No matter whether ∆M = 0 or ∆M 6= 0,
we obtain that the full width at half maximum (FWHM) of
the left peak is reduced and the FWHM of the right peak is
enhanced in the absorption spectra with increasing ∆p from
∆p = −0.3 GHz to ∆p = 0.3 GHz as shown in Figs. 6(a) and
6(b).
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Then, on the other hand, we also demonstrate the coherent
optical propagation properties for different ∆p 6= 0 and ∆M 6= 0.
In Fig. 7(a), we investigate the group velocity index ng as a
function of Ω 2

p for ∆p = −0.3 GHz and ∆p = 0.3 GHz under
∆M = 0 at fixed β = 0.2 GHz. Figure 7(b) gives ng versus Ω 2

p

for ∆p =−0.1 GHz and ∆p = 0.1 GHz under ∆M = 0 at fixed
β = 0.2 GHz. Compared Fig. 7(a) with Fig. 7(b) correspond-
ing to Fig. 6(a), we find that the group velocity index ng under-
goes the conversion from advance to delay which corresponds
to fast to slow light, and the conversion is more remarkable at
∆p < 0 than at ∆p > 0. In Fig. 7(c), we give ng versus Ω 2

p at
∆M 6= 0 with increasing ∆p from ∆p = 0 to ∆p = 0.3 GHz, and
Fig. 7(d) plots ng versus Ω 2

p at ∆M = −0.1 GHz for ∆p < 0,
which corresponds to Fig. 6(b). We can obtain that the con-
version from fast to slow light can reach in the two conditions,
and compared with Fig. 7(c), the process of evolution of the
conversion from fast to slow light is slightly different from
Fig. 7(d). Thus, with controlling different detuning regimes,
the fast-to-slow light, or vice versa, can be reached in our sys-
tem.

In our system, we only consider the QD coupling to the
nearby MFs, i.e., QD only couples to one MF due to the fact
that it is confined by the length of the SNW and the supercon-
ducting coherent length. If QD is coupled to a pair of MFs, the
results are significantly different. We have ever designed a hy-
brid QD-SNW/SC ring device, where QD is coupled to a pair
of MFs,[34,35] and the results indicate that both the absorption
spectra and the slow light (fast light) are enhanced observably
compared with the results in this paper. In order to enhance
the coherent optical properties (such as the linear or nonlinear
optical phenomena) of QD induced by MFs, we have ever con-
sidered introducing a hybrid QD-nanoresonator system to in-
vestigate MFs induced coherent optical phenomena,[32,33] and
the results manifest that both the linear or nonlinear optical
phenomena induced by MFs are enhanced significantly due to
the fact that the nanoresonator behaves as a phononic cavity,
which enhances the linear and nonlinear optical effect. There-
fore, to reach enhanced fast and slow light effect, the hybrid
QD-nanoresonator system can be brought, and we will inves-
tigate the issue in the future work.

4. Conclusions
In summary, we have demonstrated the coherent optical

propagation properties in a hybrid QD-SWN/SC device, which
includes a QD driven by a pump field and a probe field cou-
pled to a nearby MF in the hybrid SWN/SC system, and we
investigate the absorption spectra of the probe field under both
the conditions of the pump on-resonance (∆p = 0) and off-
resonance (∆p 6= 0). In the situation of pump on-resonance,

the absorption spectra displays a Rabi-like splitting manifest-
ing the strong interaction between the QD and MF. In pump
off-resonance, the absorption spectrum experiences the con-
version from Fano resonance to Rabi-like splitting in different
parametric regimes. Moreover, the narrow transparency win-
dow (i.e., the absorption dip approaches zero) in the absorption
spectrum and the corresponding rapid phase dispersion allow
for reaching the slow light effect. The results show that the
group velocity index can be controlled by the QD-MF cou-
pling, which can reach the conversion from fast to slow light.
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