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nanomechanical-resonator system
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We investigate the multiple-Fano-resonance-induced fast and slow light in a hybrid nanomechanical-resonator
(NR) system, where a doubly clamped suspended NR with an embedded quantum dot driven by two-tone
fields is coupled to another two NRs with different frequencies via the Coulomb interaction. We display the
absorption spectra of the weak probe field under different exciton-pump field detuning, and the sharp peaks in the
absorption spectra are determined by the interaction between the NRs under the resonance. In the off-resonance,
the absorption spectra can exhibit multiple Fano resonance, and the positions of the multiple Fano resonances are
related to the interaction between the NRs and the frequencies of the different NRs. Furthermore, the multiple
Fano resonances are accompanied by the rapid normal phase dispersion, which indicates the slow- and fast-light
effect. We obtain that the group velocity index is tunable by the interaction between the NRs and the detuning,
which can reach the conversion between the fast and slow light.

DOI: 10.1103/PhysRevA.104.013708

I. INTRODUCTION

Over the past decades, various techniques and progresses
have been developed to reach fast and slow light in atomic va-
pors and solid-state devices, which need to control the group
velocity index n, of light pulses to make them propagate either
ng < 0 (fast light) or n, > 0 (slow light) [1,2]. In order to
realize the manipulation of light pulse propagation in different
systems, kinds of techniques have been developed including
electromagnetically induced transparency (EIT) [3-5], stim-
ulated Brillouin scattering (SBS) [6,7], coherent population
oscillation (CPO) [8], and Fano resonance [9-12]. In this
work, we investigate the tunable and controllable fast and slow
light in hybrid nanomechanical-resonator systems, which is
mediated by different mechanical resonators.

Fano resonance presenting a asymmetric feature of a
photoionization cross section in an atom was demonstrated
by Fano [13], which is different from EIT in A-type atoms
[5] leading to a symmetric transparency window. In EIT, an
opaque medium can be made transparent due to quantum
interference between two quantum pathways in A-type atoms,
and the EIT technique has been applied extensively to control
the group velocity of light [3,4], realized the storage of
quantum information [14], obtained the enhanced nonlinear
processes [15], and achieved optical switch [16] and quantum
interference [17]. Compared with EIT, the Fano line profile
shows an asymmetry shape caused by the scattering of light
amplitude when the condition of observing EIT is not met
and an extra frequency detuning is introduced. Since its
discovery, Fano resonance has been a characteristic feature
in different hybrid quantum systems, such as photonics
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crystal systems [18], graphene systems [19], plasmonic
nanoparticles [11,20], quantum dots (QDs) [21,22],
whispering-gallery modes [23-25], and electromagnetic
metamaterials [26,27]. Moreover, many potential applications
induced by Fano resonance have also been demonstrated
in kinds of hybrid systems, which include sensors
[28,29], enhanced light emission and transmission [30],
electromagnetically induced absorption (EIA) [31], and the
coherent optical propagation (such as slow light) [9,12].
In the coherent optical propagation, Fano resonances are
characterized by a rapid steeper dispersion than conventional
Lorentzian resonances, which promises the slow- or fast-light
effect, and even tunable fast-to-slow light propagation (or
vice versa).

On the other hand, nanomechanical resonators (NRs), due
to their high natural frequencies and large quality factors [32],
are applied to ultrasensitive detection of mechanical signal
[33], mass [34,35], mechanical displacements [36], and spin
[37]. Additionally, recent progress in nanotechnology has al-
lowed the fabrication of hybrid systems including a single
two-level system coupled to a NR [38—42], where the quantum
nature of a macroscopic degree of freedom can be revealed
and manipulated [43]. This opens up appealing perspectives
for quantum information technologies [44], and for the explo-
ration of the quantum-classical boundary. As a representative
hybrid system, a two-level QD coupled to a NR has attracted
much interest [45—47], which can be used to study fundamen-
tal quantum effects [48], and also it has possible applications
in high precision measurement [49], zeptogram-scale mass
sensing [50], and laser cooling of a NR mode to its quantum
ground state [45].

In the present work, we propose a hybrid NR system,
where a doubly clamped suspended NR with an embedded
QD driven by two-tone fields couples to another two NRs with
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FIG. 1. Schematic diagram of the hybrid NRs system, where
a doubly clamped suspended NR 1 with an embedded QD driven
by two-tone fields is coupled to NR 2 and NR 3 via the Coulomb
interaction with coupling strengths A, and A,, respectively.

different frequencies via the Coulomb interaction. We first
investigate the probe absorption spectra of the QD under the
condition of resonance with controlling the coupling between
the NRs, which presents a means to determine the frequencies
of the NRs. Then, in the condition of detuning, the absorption
and dispersion of the QD induced by the coupling between the
NRs are also demonstrated, where the slope of the dispersion
experiences the conversion from negative to positive and the
absorption displays the asymmetric multiple Fano line shapes.
The multiple Fano resonances can be effectively tuned and the
probe absorption spectra can display a series of asymmetric
Fano line shapes with tuning the detuning. Due to Fano reso-
nances being characterized by a rapid steeper dispersion, the
group velocity index n, of light pulses can be accelerated and
decreased significantly, which correspond to the negative and
positive dispersion, respectively. Second, we investigate the
slow light effect by numerically calculating the group delay of
the probe field around the transparency window accompanied
by the steep phase dispersion, and we find that a tunable and
controllable fast-to-slow light propagation (and vice versa)
can be achieved with manipulating the parametric regimes.
However, the tunable slow and fast light phenomenon in our
system is different from the previous NR system [51] which
depends on the incident pump laser being on- and off-resonant
with the exciton frequency; here, in our hybrid NRs system,
we can obtain the conversion from fast to slow light with
controlling the coupling between different NRs.

The paper is organized as follows. In Sec. II, we present
the hybrid system and derive the analytical expression of the
linear optical susceptibility and the group velocity index. In
Sec. III, we discuss the absorption spectra under different
parametric and detuning regimes, and especially in the off-
resonance, the absorption spectra can exhibit multiple Fano
resonance, which accompanies the rapid normal phase disper-
sion, which will lead to the slow- and fast-light effect. Finally,
in Sec. IV, we conclude our results.

II. PHYSICAL PATTERN AND DYNAMICAL EQUATION

The system under consideration is sketched in Fig. 1,
where a QD driven by a strong pump field and a weak probe
field is embedded in NR 1 with frequency w,,; coupled to
NR 2 with frequencies w,, and NR 3 with frequency w3,

respectively, and the Hamiltonian of the hybrid system is
given by [45,51-54]

H = hw,S* + hwmlafal + hwmgazag + hwm3a§a3
+ hom BS (@] + a1) + hhi(ajaz + araj)
+ h)»z(afcn + alag) — uep(STef"“’”’ + S et

— pey(STeT 4 57, (M

where the first term indicates the Hamiltonian of the QD with
the exciton frequency w,,. Here we consider that the QD is a
two-level system including the ground state |0) and the single
exciton state [1) [55,56] at low temperature. We introduce
the pseudospin operators S% and ST with the commutation
relations [$%, S*] = £S5* and [ST, S~] = 257 to describe the
QD. The second to fourth terms indicate the free Hamiltonian
of the three NRs and we use creation (annihilation) operators
aT(al), ag(az), and ag(ag) to describe the three NRs. The
fifth term shows the coupling between NR 1 and QD with
the coupling strength 8, where the flexion induces extensions
and compressions in the structure, and the longitudinal strain
will modify the energy of the electronic states of QD through
deformation potential coupling.

The sixth and seventh terms mean the interaction between
NR 1 and NR 2 with coupling strength A; and NR 1 and
NR 3 with coupling strength A,, which can be realized via
a substrate-mediated interaction [57] or the Coulomb interac-
tion [54,58,59]. Here, we take the Coulomb interaction as an
example, and we consider the interaction of NR 1 and NR 2
with frequencies w,,; and w,,. The two resonators take the
charges C,V| and —C,V,, where C;(C;) and V|(—V,) being
the capacitance and the voltage of the bias gate, respectively.
Then the Coulomb coupling of the two resonators is He =
%, where ry is the equilibrium distance between the
two resonators, and x; and x, represent the small displace-
ments of the two resonators from their equilibrium positions,
respectively. Due to ry > x1, xp, with the second-order ex-

: : — 7C]V1C2V2 _ X1—X2
pansion, He can be rewritten as He = dmeons [1 ™ +

(’%)2], where the linear term may be absorbed into the

definition of the equilibrium positions, and the quadratic term

includes a renormalization of the oscillation frequency for the

two resonators. Then we can obtain a reduced form He =
_ GVviGW©

hrixix, with A = Sepeat Due to x; = a; +a; and x, =

a; + a, being the position operators, then He = hkl(aT +
al)(a; + a>). When we neglected the nonconservation term
of energy, we finally obtain H¢e = szl(aiaz + alaz), i.e., the
sixth term in Eq. (1). Using the same method, we can also
obtain the seventh term of h)\z(a}hth + a; ag ).

The last two terms in Eq. (1) indicate the interactions
between the QD and two laser fields including a strong pump
field with frequency w, and a weak probe field with fre-
quency w, simultaneously irradiating to the QD, where w is
the electric dipole moment of the exciton, €, and &, are the
slowly varying envelope of the pump field and probe field,
respectively. In a frame rotating with the frequency w, of the
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pump field, Eq. (1) can be rewritten as where A, = w, —w, is the exciton-pump field detun-
H = hAS* + hwyaa; + hopdla + fiosala ing, § = w; — w, is the probe-pump detuning, and 2, =
g i Tl 1 ? 2T g : 3% uep/h is the Rabi frequency of the pump field. The
+ hwm BS*(a; + ar) + hri(aya; + ara,) Heisenberg-Langevin equations of the operators including the
+firg(dlas + a) ag) — hQ,(ST+57) corresponding noise and damping terms can be written as
s st . follows [60]:
— s (STe ™ 4 S, 2
‘ .
& . .
3S° = —T1(S*+1/2) +iQ,(ST —S7) + %(S% iBr _ §= ey, (3)
2ipe Sie

9S™ = —(A, + TS —iwp xS~ — 2iQ,5° — Ea— + Tin, 4)
071 4 Y1 %1 + W1 + A0 + Myxs = 200, BS° + &1, 5)
0722 4 Ym0 Xz + WXy + MX1 4 Aioxs = =200 BS* + &, (6)
07263 + Vin3h63 + Waxs + Myx1 + hiaxa = —2h001 BS7 + &3, ()

where I'} (I'y) is the exciton relaxation rate (exciton dephasing rate), and y,,1, V2, and y,,3 are the decay rate of the three NRs.
W2 =@l A Ay 02 = @by AL, @y = @2+ Ay A = A (@1 + On2)s Ay = Aa(@m1 + @), and Aip = Aiha. Ty i
the §-correlated Langevin noise operator with zero mean, and &; is Langevin force arising from the interaction between the kth
mechanical resonator and its environment.

Using p = pg + §p (p indicates the operators: S%, S™, x1, x2, x3), Egs. (3)— (7) can be divided into the steady parts and the
fluctuation ones. Substituting the division forms into Egs. (3)— (7) and setting all the time derivations at the steady parts to be
zero, we obtain the steady state solutions of the variables as follows:

Ti(wo + 1) = 2i2,(Sg — So), )

(iAp + I2)S0 + i@ Bx10S0 = —iwpS2), 9
2 / / _ 2

W1 X10 + Ajx20 + AyX30 = —wowy, B, (10)

WX 4+ X104+ Aaxso = —wowm BA1, (11)

Wx30 + MrX10 4 A2Xo = —wowm B2, (12)

which determine the steady-state population inversion (wo = 2S§) of the exciton. As all the pump fields are assumed to be
sufficiently strong, all the operators can be identified with their expectation values under the mean-field approximation (Qc) =
(Q){(c) [61]. After being linearized by neglecting nonlinear terms in the fluctuations, the Langevin equations for the expectation
values are

e

(8,88%) = =T (85%) + i2,((88T) — (857)) + T[S(’;e“"” — Spe], (13)
(8,857) = —(iA], + T2)(857) — i BSo(x1) — 2i€2,(85°) — WT"%*"&, (14)
(878x1) + Vi1 (3:8x1) + iy (8x1) + A (8x2) + A5 (8x3) = —2a0 B(8S%), (15)
<3,25X2) + Y2 (8:8x2) + /% (8x2) + X} (8x1) + A12(8x3) = —2h @1 B(8S7), (16)
(078x3) + Y3 (0:8x3) 4 w3 (8x3) + A5 (8x1) 4 A12(8x2) = —2h201 B(8SY), (17)

which is a set of nonlinear equations and the steady-state response in the frequency domain is composed of many frequency
components. A;, = A, + wm Bwoa, where

B (0w, = 2) + hom B(AAhin — Mw)) + kawm B(A Az — Mywr, )

2 972 RV 2 472 212 2 72
W3 AT = 2N A0 + @A+ wp Ay — w00

o

(18)

To solve these equations, we make the ansatz [62] (8p) = p e 4 p_e™®, and substituting it into Egs. (13)—(17), ignoring
the second-order terms, and working to the lowest order in & but to all orders in €,, we obtain the linear optical susceptibility as
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(u?/h02)x D (wy), and x D (wy) is given by
(240, — 0,05]1"2

xF (@5) = nS1(wy)/e

D(wy) = 19
X (ws) S 5, 1 06, (19)
where
¥ by —2w? B
M=——"  m=—" - TOmP
LT W — 6 =80 2 Wl —iymd— 80 T w2 — iymd — 82
)\/ )\, _2)\' Wy, ,3
n3:,2.—12’ H4=,2.—]22, 772:/2~]—“2’
Wy — TYmd — 9 Wy — 1Ymd — 0 Wy — Ymd — 9
A M2 —2Xwm B
M= —— 2 [g=—2 R ) VR
> W23 — iYm3d — 82 6 W2y — iy3d — 82 G 0% — iy — 82
& [alle — Dy + (I — MaMe)na + (Mo — MM )iy 290 + 0m PSHAR,
(Mg — 1) + Ms(TT, — I T1y) + M3(TT; — MoTg) Iy —ié ’
6 — St (wm1 BSoA + 282,) — iwo(Ty — i8) by — 297 + 0 BSoA* Q)
Iy —is ’ ' +ié ’
o, _ 1EsSo(@mBSoA* +22) 29 + om BSFA*R,
T Ty +is AT T 48 ’
o — MESo(@m BSSA* +28)) — ipewo(T +i8) 22 + om BSTAQ,
0~ Ty +i8 SR T —is
SE(@m BSEA + 22 , , o ,
gy = HES0@mBSAT29) o s Sy = iA LTyt id 4 6,
Fl —1id P p
3 = —iA;,+F2+i8—95, Y4 = —iA;+F2—i5—97, (20)
The imaginary and real parts of x " (w;) indicate absorption and dispersion, respectively.
As the light group velocity is [63,64] v, = ¢/[n 4+ w,(dn/dw;)], where n ~ 1 4 27 x ', then we obtain
¢/vg =1+ 27Rex G (@)oo, + 2m,Re(d xSy [dws), _, 21)

Obviously, when Rexéf]f)(ws)ws:% = 0, the dispersion is steeply positive or negative, and the group velocity is significantly
reduced or increased. We further define the group velocity index n, as

c C— Ug

(1)

ng=——1=

2 wepp? Re (

Ug - hF2

where ¥ = 27w, pp? /AT3. One can observe the slow light if
ng > 0, and the superluminal light when n, < 0 [2].

We use the realistic hybrid QD-NR system to illustrate
the numerical results [45]: the exciton relaxation rate I'j =
0.3 GHz, and the exciton dephasing rate ', = 0.15 GHz.
The physical parameters of GaAs NR 1 are (w1, m, Q) =
(1.2 GHz, 5.3 x 10~1 g, 3 x 10%), where m and Q are the
effective mass and quality factor of the NR 1, respectively.
The decay rate of the NR 1is y,, = w,,/Q =4 x 107> GHz,
the coupling strength between QD and NR 1 is 8 = 0.06,
and the frequencies of another two NRs are w,; = 0.9wy,,
wWp3 = l.la)ml.

III. NUMERICAL RESULTS AND DISCUSSION

We first show the probe absorption, i.e., the imaginary
part (Imx" ) of linear optical susceptibility, as a function
of probe-exciton detuning A; = w; — w,, on the condition of
resonance (i.e., A, = 0) under different parameter regimes as

(1)
A Xert ) — FZERe<—dXeff > :
d(,()_y Wy =Wex d Ws Wy =Wex

(22)

(

shown in Fig. 2. In Fig. 2(a), the interaction of NR 1 and
NR 2 is A; =0 and NR 1 and NR 3 is 1, =0, i.e., only
NR 1 in the system and two sharp sideband peaks at both
sides of the probe absorption spectrum just correspond to the
frequency of the NR 1 with frequency w,,; = 1.2 GHz. The
physical origin of the phenomenon has been demonstrated in
a coupled NR system [35]. In Fig. 2(b), we consider the case
of Ay =0.1lw,; and A, = 0 with the resonator frequencies
Wyl = 1.2 GHZ, Wy = O.9wm|, and Wy3 = l.lwm]. We find
that four sharp sideband peaks appear in the probe absorption
spectrum, and the peaks locate at +w,,; £ X| and £w,» F A1,
ie., £1l.1w,; and +0.8w,,, respectively. In Fig. 2(c), the
parameter regimes are (A} =0, A, = 0.1w,,;1) and (w,,; =
1.2 GHz, w,;; = 0.9wy1, w3 = 1.1w,,1); four sharp sideband
peaks locating at £w,,3 £ Ay and *w,| F Az, i.e., £1.2w,,
and +0.9w,,;, respectively, appear in the probe absorption
spectrum. In Fig. 2(d), both NR 2 and NR 3 are also con-
sidered that couple to NR 1, ie., A} =0.1lw,; and i, =
0.1w,,1, and we consider the frequencies of the three NRs:
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FIG. 2. The probe absorption spectra as a function of probe-exciton detuning A; = w, — w,, on the condition of resonance (A, = 0) for
different parameter regimes. (a) A; = 0, 2, = 0; (b) Ay = 0.1w,1, A2 = 0; () Ay =0, Ay = 0.1wyy; (d) Ay = 0.1w,1, A2 = 0.1w,,;. The other
parameters are w,,; = 1.2 GHz, ,; = 0.90,1, @3 = 1.1w,1, and Qf, = 0.1 (GHz)?.

wm = 1.2 GHz, w,,n = 0.9w,,1, w3 = 1.1w,,;. It is obvious
that six sharp sideband peaks appear in the probe absorption
spectrum, which locate at £w,,;3 & Ay, Wy, and £, F A1,
ie., £1.2w,1, w1, and £0.8w,,;, respectively. Therefore,
the locations of the sharp peaks in the absorption spectrum
are determined by the coupling strengths between the three
NRs and their resonator frequencies, and we can also present
a means to measure the frequencies of the NRs.

Second, switching the detuning A, from the resonance
(A, =0) to the red sideband (A, = w,1), we investigate
the evolution of the absorption (Imy ‘") for different cou-
pling strengths with different frequencies of NRs (such as
wm = 1.2 GHz, w,,» = 0.9w,,1, and w,3 = 1.1w,,;) as shown
in Figs. 3(al)-3(a4), and Figs. 3(b1)-3(b4) are the details
corresponding to Figs. 3(al)-3(a4), respectively. In Fig. 3(al),
the coupling strengths between the three NRs are A; = 0 and
Ay = 0,1.e.,only in NR 1 in our hybrid system does the imagi-
nary part exhibit zero absorption at A; = 0 as shown the detail
in Fig. 3(bl), i.e., transparent transmission without any ab-
sorption, which was termed as phonon-induced transparency
[65] due to mechanically induced coherent population os-
cillation when the pump-probe detuning § = w; — w, equals
the resonator frequency w,,; [35]. As demonstrated in cavity
optomechanical systems, the appearance of a transparent win-
dow around A; = 0 in the probe transmission spectrum (here,
in our hybrid system, it is the probe absorption spectrum)
will lead to the slow light effect [61,66—68]. In Figs. 3(a2)

and 3(a3), the coupling strengths between the three NRs are
(A =0.1wp, Ao =0)and (A; =0, A, = 0.1w,,,1), i.e., there
are two NRs (NR 1 and NR 2, or NR 1 and NR 3) in the
system. We find that not only the zero absorption peak around
A =~ 0 but also a Fano resonance peak induced by another
NR appear in the absorption spectrum. The location of the
sharp peaks are related to the coupling strengths of NRs and
the resonator frequencies as shown the detail in Figs. 3(b2)
and 3(b3). If the system includes three NRs (i.e., NR 1, NR
2, and NR 3), it is obvious that three absorption peaks appear
in the probe absorption spectrum, which includes one peak
around A = 0 like in Fig. 3(a4) and another two Fano peaks
induced by another two different NRs (NR 2 with frequency
wm2 = 0.9w,,; and NR 3 with frequency w,» = 1.1w,,;) under
the coupling strengths of the three NRs A; = 0.1w,,; and
A2 = 0.1wy, as shown in the detail in Fig. 3(b4).

As to the dispersion (i.e., the real part of the linear opti-
cal susceptibility Rex "), we also plot the evolution of the
dispersion Rex ! as a function of A, under the red sideband
(Ap = wy) for different coupling strengths with the NR fre-
quencies w,; = 1.2 GHz, w,» = 0.9w,,1, and w,;3 = 1. 1w,
as shown in Figs. 3(c1)-3(c4), and Figs. 3(d1)-3(d4) are the
details corresponding to Figs. 3(c1)-3(c4), respectively. Fig-
ures 3(cl) and 3(c4) give the dispersion under the coupling
regimes: (A1 =0, A, =0) and (A = 0.1wpy;, A2 = 0.1w1),
respectively; it is obvious that the dispersion, exhibiting the
positive steep slope at Ay =0, which combines the zero

013708-5



HUA-JUN CHEN

PHYSICAL REVIEW A 104, 013708 (2021)

—
208 0.8 0.8t (a3)
g
£ 0.6 0.6 0.6f A,=0
&
g 04 0.4 04 27010,
=
502 02 02
172)
<
0.0 0.0 0. .
0. - 06 03 0.0 03—._ 06
_ .
2 08 0.8 08H(b3)
g
S 06 0.6 0.6 0.6
&
g 04 0.4 041 04
=
£ 02 02 02F 02
8
< 0'8
-
2 04
5 02
s 0
s
0.0
=]
.2
Z 02
QL
&
2 04
£ 04 (dn 041(d2)
=
S 0204l 02 02
s 0.0t 0.0 i
Aa oo : 0.0
Z -02fp2 0.2
o 0.4 02 -0.2
'5 -0.4} 0005 0000 0005 -0.4 005 000 0.05 y I TR
010 005 000 005 010 -02 0.1 0.0 0.1 -01 0.0 0.1 02 -02 01 0.0 0.1 02
AS/U)IHI As/(")ml S/(JJm] As/(’oml

FIG. 3. The absorption as a function of A, at the red sideband A, = w,, for different coupling regimes: (al) A; = 0 and A, = 0; (a2)
A = 0.1w,,; and A, = 0; (a3) Ay =0 and A, = 0.1w,,1; (a4) A; = 0.1w,,; and A, = 0.1w,,;. Panels (b1)—(b4) are the details corresponding
to (al)—(a4). The dispersion as a function of A, at the red sideband A, = w,,; for different coupling regimes: (c1) A; = 0 and A, = 0; (c2)
A =0.1w,; and A, = 0; (c3) Ay = 0 and A, = 0.1w,,1; (¢4) Ay = 0.1w,,; and A; = 0.1w,,;. Panels (d1)-(d4) are the details corresponding to
(c1)—(c4). The insets in (d1)—(d4) are the amplification of (d1)—(d4) around A; = 0. The other parameters are w,,; = 1.2 GHz, w,, = 0.9w,,1,

w3 = 1.1w,,, and 5212, = 0.1 (GHz)%.

absorption at Ay = 0 in Figs. 3(al) and 3(a4), will lead to the
slow light effect. In Figs. 3(d1) and 3(d4), we give the details
of Figs. 3(cl) and (c4), and the difference of Figs. 3(cl) and
3(c4) is that the dispersion in Fig. 3(c4) shows three peaks
at the conditions of A = 0.1w,,; and A, = 0.1w,,;. When we
further magnify the dispersion around A; = 0 as shown the
insets in Figs. 3(d1) and 3(d4), obviously the positive steep
slope is steeper in the coupling regimes (A} = 0.1lw,,1, Ao =
0.1wy1) than in (A} = 0, A, = 0). In other words, if the hybrid
system includes three NRs (i.e., NR 1, NR 2, and NR 3), the
slow light effect will be more remarkable in the single NR
system (i.e., only NR 1). In Figs. 3(c2) and 3(c3), we display
the dispersion under the coupling regimes of (A = 0.1wy,
Ay =0) and (A} =0, Ap = 0.1w,,1), which correspond to the
system including two NRs i.e., NR 1 and NR 2, or NR 1 and
NR 3, and Figs. 3(d2) and 3(d3) are their details. We can
see that the dispersion shows the negative steep slope around
A; = 0 as shown in the insets in Figs. 3(d2) and 3(d3), which
will result in the fast light effect.

No matter what regimes induce the zero absorption, once a
transparency window appears in the probe absorption spectra,
the remarkable phenomena of slow light or fast light can
appear in the hybrid system. When the transparency appears
in the absorption, the slope around the transparency window

of the dispersion will experience the conversion between the
negative to positive. As we know, the positive steep slope
of dispersion will induce the group velocity index ng > 0,
then the slow light phenomenon will appear in the system.
Conversely, if the dispersion shows the negative steep slope,
the group velocity index n, < 0, and the fast light will be
achieved. Figure 4 plots the group velocity index n, versus the
Rabi frequency QIZ, for the NR frequencies w,,; = 1.2 GHz,
w2 = 0.901, w3 = 1.1, at the red sideband A, = w,y;.
When one NR with coupling regimes (A; = 0, A, = 0) corre-
sponding to Figs. 3(al) and 3(c1) or three NRs with coupling
regimes (A = 0.1wy;, Ax = 0.1w,,) corresponding to Figs.
3(a4) and 3(c4) are in the system, one can see that the group
velocity index n, is positive varying with the Rabi frequency
Qf, which represents the slow light effect, and the slow light
effect in three NRs (the dot dash red line) is more significant
than in the single NR (the black solid line) system. How-
ever, when two NRs are considered, i.e., NR 1 and NR 2
with coupling regimes (A = 0.1w,,1, Ay = 0) corresponding
to Figs. 3(a2) and 3(c2) or NR 1 and NR 3 with coupling
regimes (A; = 0, Ay = 0.1w,,;) corresponding to Figs. 3(a3)
and 3(c3) in the hybrid system, we find that the group velocity
index n, manifests the fast light effect as shown the inset in
Fig. 4. Although the fast light effect was demonstrated in a
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FIG. 4. The group velocity index n, vs Rabi frequency 5212, for
four different coupling strengths of X; and X, in the parameters of
w1 = 1.2 GHz, w,» = 0.90w,,1, w3 = 1.1w,,; under the red side-
band A, = wy,;.

carbon nanotube resonator [51], which needs the condition
of resonance (A, = 0), in our hybrid system, the fast light
effect can even be achieved at the red sideband A, = w,,; by
controlling the coupling strengths between the three NRs.

In Fig. 5, we further present the absorption and dispersion
profiles as a function of the probe detuning A; at the fixed

0.8¢

0.4}
% | |
|
0.4
= A=0.90,,
= 04
:% 0.0
= 08 ‘
=
S 04
+
5 8 ‘
2
< 04
0.0
08
0.4
0.0
08
0.4
0.0 ; ‘
0.3 0.0 0.3

As/(’oml

0.6

coupling strengths (A; = 0.1w,,1, A2 =0.1w,,;) and the
frequency of the NRs (w,,; = 1.2 GHz, w,» = 0.9w,;,
w3 = 1.1w,,) for different pump detuning A ,. The left parts
show the absorption, and it is obvious that the triple-Fano
resonances appear in the absorption spectra, where the middle
Fano resonance is induced by the coupling between exciton
and NR 1 causing quantum interference between NR 1 and
the two optical fields via the exciton as § = w,,], and the right
and the left Fano resonance come from the NR 1 coupling
to the NR 2 and NR 3. In addition, with increasing the
detuning A, from A, = 0.7wy to A, = 1.3wy,, the middle
Fano resonance moves to the right. The right parts plot the
dispersion, and we show that the evolutionary process of
the dispersion as a function of A; with increasing detuning
A, from A, =0.7w,; to A, = 1.3w,;, which combines
the absorption, will induce the slow light effect because the
dispersion manifests a positive steep slope around A, = 0.
The details of absorption and dispersion around Ay = 0 are
presented in the following figures.

Then, in Fig. 6(a), we give the details of the absorption in
Fig. 5 around A; = 0; the absorption spectra present asym-
metrical zero absorption deep (i.e., Fano resonance) and the
Fano shapes are changed significantly under different detun-
ing A,. In Fig. 6(b), the details of the dispersion in Fig. 5
around A; = 0 are also plotted, and the dispersion experi-
ences the conversion from peak to deep with increasing the
detuning A, from A, = 0.7w,,; to A, = 1.3w,;. However,
no matter how the detuning A, changes, there is still an
invariant result, i.e., the dispersion shows a positive steep
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FIG. 5. Left: The probe absorption as a function of A for several different detuning A,. Right: The dispersion as a function of A, for
several different detuning A ,. The other parameters are w,,; = 1.2 GHz, @, = 0.90,,1, @3 = 1.1w,,1, and QZ = 0.1 (GHz)?.

013708-7



HUA-JUN CHEN

PHYSICAL REVIEW A 104, 013708 (2021)

- AP:0'7('Um] APZO.()(})m] Ap:1 1 mml
- - Ap:o,gwm] - 'APZI.O(;)m] ....... Ap=1 20,
/(I? 0.8 (a) = Ap:1'3wml
ﬁ DAY - = = = -
= /. J
= 06 oA
= o v
~ i S N .‘:E
g o4} NERY ]
B v :
g“ \.': i! 0’..
Z 02 L
S T BITTTRItIT a R ;
D SO e T
0.0 t f
-0.003 0.000 0.003
AJo,,
722000
= ©)
5 == A~0.80,,
‘_e: 1500Hf\ Ap=0'9wml
< Y _
~ O
5ol N
o 7
= *
=i EI I.
‘? 500 HI;
Q :
o I I
el
> ol s et
% 1" .-“fan‘ llght 1 1 1 1
S 000 002 004 006 008 010 0.12
o Rabi frequency Qg (GHz)

ml

Ap=0.9 Q)

AFLloy,
....... AR 20,

Dispersion (arb. units)

0.003

1500

1000

W
S
S

(=]

O.OIOl O.OIOZ O.OIO3 0.(;04
Rabi frequency Q) (GHz)

0.000 0.005

Group velocity index (arb. units)
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in Fig. 5.

slope around Ay = 0. Therefore, we also investigate the triple-
Fano resonances that induce the coherent optical propagation
properties as shown in Figs. 6(c) and 6(d). In Fig. 6(c), we
plot the group velocity index n, versus the Rabi frequency
5212’ for different detuning A, under the parameters as shown
in Fig. 5. When the detuning A, diverges from the red side-
band A, = w,,; (suchas A, = 0.8wy,; and A, = 1.2w,,), the
group velocity index n, experiences the switch from fast light
to slow light with increasing the Rabi frequency Q% as shown
by the double dot dashed pink line and dot dashed blue line
in Fig. 6(c). However, if the detuning A, approximates to
A, = w1, only the slow light effect arrives in the system. The
detailed parts are given in Fig. 6(d). Thus, with controlling the
detuning regimes and the coupling strengths between the three
NRs, the fast-to-slow light can be achieved straightforwardly
in the hybrid system.

IV. CONCLUSION

In conclusion, we have proposed a hybrid NR system con-
sisting of a suspended NR with an embedded QD driven by
a pump field and a probe field is coupled to another two
NRs with different frequencies via the Coulomb interaction,
and we have investigated the absorption spectra of the probe
field both under the conditions of the resonance (A, = 0) and

off-resonance (A, = w,,1). In the situation of resonance, the
sharp peaks in the absorption spectra depend on the interaction
between the NRs. When in the off-resonance, we theoretically
studied the multiple Fano resonance, and the positions and
the shape of the multiple Fano line shapes are closely related
to the detuning and the coupling strengths between the NRs.
Moreover, the narrow transparency window in the probe trans-
mission and the corresponding rapid phase dispersion allow
for reaching the slow light effect. We have shown that the
group velocity index of the probe field can be effectively tuned
by the coupling strengths of the NRs and the pump detuning,
and even obtain the conversion from slow light to fast light in
the hybrid NR system.

As we elaborated that the NR 1 coupled to NR 2 and NR 3
via the Coulomb interaction, actually, the coupling between
the NRs can be tuned by the gate voltage on the NRs, which
has been demonstrated in coupled ion-nanomechanical sys-
tems [65,69]. When a gate voltage V (t) = V) cos(w,t) with
frequency w,, is applied to the NRs via Ohmic contacts, the
charge on the NRs oscillates with time and results in oscil-
lating forces on the NRs [69]. Although we can reach the
conversion from slow light to fast light based on the hybrid
NR system, the total magnitude of slow light and fast light
is determined by the number density of the QD and NRs.
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Fortunately, an optically tunable delay of 50 ns and superlumi-
nal light with 1.4 ms signal advance have been observed with
electromagnetically induced transparency in a cavity optome-
chanical system [67] which is very similar to our hybrid NR
system. Then the results in the optomechanical system maybe
give a reference to our NR system.

In addition, the hybrid coupled NRs system with coherent
phonon manipulation will be not only useful for controlling
classical oscillations but can also be extended to the quan-
tum regime, which will open up the prospect of entangling
two distinct macroscopic resonators [65]. Further, our pro-
posal can also apply to photonics waveguide systems such
as photonic nanocavities [70], especially the optomechanical
crystals [71] in an optomechanical system [57], which is a
particularly promising integration platform given the large

attainable radiation-pressure coupling and the ability to create
photonic and phononic band-gap waveguides. The advances
in photonic integration have revealed the ability to interface
hybrid material platforms to enhance light-matter interac-
tions, which will lead to the development of on-chip signal
processors and potential application in quantum information
processing [72].
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