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We show multiple electromechanically-induced transparency (EMIT) windows in a hybrid nano-electro-
optomechanical system in the presence of two-level atoms coupled to a single-mode cavity field. The multiple
EMIT-window profile can be observed by controlling the atom field coupling as well as Coulomb coupling between
the two charged mechanical resonators. We derive the analytical expression of the multiple-EMIT-windows
profile and describe the splitting of multiple EMIT windows as a function of optomechanical coupling, atom-field
coupling, and Coulomb coupling. In particular, we discuss the robustness of the system against the cavity decay
rate. We compare the results of identical mechanical resonators to different mechanical resonators. We further
show how the hybrid nano-electro-optomechanics coupled system can lead to the splitting of the multiple Fano
resonances (MFR). The Fano resonances are very sensitive to decay terms in such systems, i.e., atoms, cavities,

and the mechanical resonators.
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I. INTRODUCTION

Mechanically induced transparency (MIT) arises in an
optomechanical system due to the mechanically moving end
mirror. It is a quantum interference phenomenon by which
a narrow absorption and transmission window is created
[1]. Electromagnetically induced transparency (EIT) was first
reported theoretically [2] and experimentally studied in stron-
tium vapor by Boller et al. [3], in lead vapor by Field et al.
[4], and in optical cavity by Weis [5]. In many schemes EIT
has been studied such as Bose Einstein condensate (BEC) [6],
in solid state demonstrated in quantum wells [7], quantum
dots [8], metamaterial [9], and nitrogen vacancy centers [10].
Recently, EIT is observed experimentally in a classical system
via coupled RLC circuits [11,12].

Moreover, EIT is also observed in atomic gas Sr having
A-type three-level atomic structure [3] as the destructive
interferences of two dressed states in Sr atom exhibits an EIT
phenomenon. Like the optomechanical system, in the Sr atom
a photon energy level and the first-order sideband energy level
behave like a A-type three-level structure [5]. In addition, the
transition of a two-mode polariton coupled system also behaves
like a A-type three-level structure and is related to the MIT
effect [13]. Recently, in an optomechanics setup assisted with
a I'-type atomic system coherent quantum-noise cancellation
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and optomechanical cooling [14] have been reported. More
recently, Huang and Tsang [15] have also shown multiple MIT
windows with N number of membranes in optomechanics.

In the optomechanical system the mechanical resonators
(M Ry) are treated in different ways such as the demonstration
with other quantum objects [16], electron spin [17], phonon
blockade [18], and high harmonic generation [19]. The com-
bination of mechanical resonators with the optical cavity is
called the optomechanical system [20-22], in which the M Ry
are coupled to the cavity field causing radiation pressure
and hence the out field exhibits the mechanically induced
transparency (MIT). The slow and fast light [23], normal
mode splitting [24-30], quantum information transfer [31],
entanglement [32,33], realization of classical chaos [34], and
quantum chaos in nanocavities [35,36] are other applications of
the radiation pressure in an optomechanical system. Recently,
inverse electromagnetic-induced transparency is also observed
in a single-mode cavity field in the optomechanical system
[37]. Hence, the combination of an optomechanical system
with quantum electrodynamics leads to a hybrid optomechani-
cal system [38] influencing the electrical-induced transparency
due to the additional medium of atoms, which has been studied
in detail [39].

The quantum nature of the electronic circuit together with
the macroscopic degree of freedom of the mechanical oscillator
of the optomechanical system is a fascinating research domain.
Therefore, the mechanical resonator M R, of an optomechani-
cal system is coupled to another external mechanical resonator
MR, connected to the bias voltages V; and V, called the
electro-optomechanical system. Due to electrostatic Coulomb
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interaction the EMIT window splits from single to double
windows [40,41]. The significance of the bias voltage is
to control the Coulomb interaction between the mechanical
resonators [41,42]. It leads one to explore the optomechanical
system in multiple-channel electrical-induced transparency
with electrostatic Coulomb interaction. Whenever, a coherent
weak probe field is applied to the cavity of an optomechanical
system, the mechanical resonator behaves like a switch that
controls the probe photon transmission such that photons can
pass through the cavity one by one [43-45] or two by two
[46] in the limit of the strong single-photon optomechanical
interaction [47-49].

Among these applications, Fano line shapes are the most
prominent phenomenon occurring in the optomechanical sys-
tem. The Fano line profile has an asymmetry shape produced
by the scattering of light amplitude. Scattering interferences
were first theoretically studied by Fano and he wrote a series
of papers by assuming a grating consisting of lossy dielectric
material, and suggesting that anomalies could be associated
with the excitation of a surface wave along the grating [50].
But the most fascinating thing is that the theoretical formula
was fit in inelastic scattering of electron from noble gas (helium
atom) [51]. In the optomechanical system the Fano line shape
was recently studied by Qu and Agarwal [52]. Fano resonances
played an important role in the fields of plasmonics [53,54],
photonics crystal [55-57], nanoparticles [58], in graphene
[59,60], and improvement of the efficiency of heat engines
[61]. Moreover, the asymmetry of the Fano line shapes can
be controlled by the saturation rate of two interference paths
[62]. Since the results of multiple electromagnetically induced
transparency is the manifestation of Fano resonances and
can be described from the output field of the system by
using the multiple electrically-induced-transparency approach.
Recently, the EMIT in a nano-electromechanical system with
the resonator of Nb/Si3Ns clamped at both end bilayers to
increase the resonant frequency and the quality factor of the
mechanical oscillator is discussed by Fredrik Hocke et al. [63].
In this paper, we consider a nano-electro-optomechanical sys-
tem (NEOMS) for multiple electromechanical-induced trans-
parency (EMIT), in which the two mechanical resonators M R
and M R, are connected to external bias voltages V| and V5.
Both mechanical resonators are charged due to V; and V, and
generate the Coulomb coupling between M R and M R;. There
are N numbers of two-level ultracold atoms loaded between
M R, and the cavity field. Due to the atom field interaction the
electrical-induced transparency of the two-window profile split
into the three-window profile. Our proposed hybrid electro-
optomechanical system is sketched in Fig. 1 in which the
first resonator M R, is coupled to the cavity field as well as
to the second resonator M R,. The importance of the bias
voltages is to control the Coulomb interaction between the
resonators. Hybridized systems, albeit having more elements,
have the new advantage of combing different physical systems
to achieve novel features which are hard or even impossible
by steering any single element [16,64]. For this reason a
comparison between our hybrid nano-electo-optomechanical
system (NEOMS) with the previous simple optomechanical
system of the single EMIT window [65—67] and double EMIT
windows [68—71] shows some advantages: (i) Two output
lights with different frequencies are controlled by a single
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FIG. 1. Schematic demonstration of the nano-electro-
optomechanical system contains N, identical trapped two-level
atoms. The MR, is coupled to the cavity field and external
mechanical resonator M R, as well. The MR is charged by bias
voltage V; and M R, is charged by bias voltage —V,, where g, is the
Coulomb coupling between the two resonators. The cavity mode is
driven by a strong input laser field and weak probe field through the
fixed mirror, where L is the cavity length, o, is the transition operator
between the two levels, and r is the equilibrium distance between
M Rl and M Rz.

driving light frequency. (ii) Our system is robust against the
cavity decay rate, as a result narrow EMIT windows profile
is observed. (iii) The EMIT windows profile of the system
directly depends on the Coulomb coupling. (iv) The atom field
coupling plays a vital role in triple EMIT windows splitting,
however, both couplings directly influence the multiple-EMIT-
windows profile and break the symmetry of the system for
very large values. This paper comprises the following sections:
In Sec. II, we introduce the theoretical model. In Sec. III,
we discuss the dynamics of the system and solve the system
using quantum Heisenberg-Langevin’s picture. In Sec. IV, we
discuss the multiple EIT windows profile of the absorption
and dispersion spectra of the system. In addition, we explain
the robustness of the system against the cavity decay rate
corresponding to identical mechanical resonators (M R;). In
Sec. V, we treat the mechanical resonators (M Ry) differently
and compare the results to the former results. In Sec. VI,
we discuss the multiple Fano resonances (MFR). Finally, in
Sec. VII, we conclude our results.

II. EXPERIMENTAL SETUP

The model consists of an ensemble of N, number of two-
level ultracold atoms inside a Fabery Pérot cavity of length
L, a fixed mirror and mechanical resonators (M R;) as shown
in Fig. 1. The mechanical resonators consist of two charged
mirrors. The first mechanical resonator (M R ) is coupled to the
cavity field via optomechanical coupling g¢, and also coupled
with another mechanical resonator (M R;) electrostatically by a
Coulomb interaction g.. A high intense laser field of amplitude
E; and a weak probe field of amplitude €, are sent inside the
cavity. The external bias voltages V| and V, are provided to the
mechanical resonators by which we control the Coulomb cou-
pling. The first mechanical resonator is charged by bias voltage
V; while the second mechanical resonator is charged by a bias
voltage V,. In addition, the two-level atoms are off-resonantly
coupled by a Tavis-Cummings-type interaction to the optical
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field [72]. The Hamiltonian of the whole system reads as

1
H = hwcle+ = Zhwa (l)+<2 +2m1w1q1>

p 1
== + m2w2q2 — hgocfcql
2m, 2

N

+hgae Y (04 c + V) + hgeqiq
i=1

+ihE(cle™™ —H.c) +ih(cle,e ™" —H.c.), (1)
where the first term is for the single-mode cavity field, and the
second term is for the atomic transition with atomic frequency
w,. The third and fourth terms represent the oscillations of
M R, and M R, with effective masses m and m,. The fifth term

represents the optomechanical coupling between the cavity

@ |- The sixth
mjw|

term comes due to interaction between field and atoms and

it is related to the cavity mode volume and the dipole moment

field and charged M R; given by gy =

of the atomic transition. i.e., g, = i The seventh

2he v
term represents the Coulomb coupling between the charged
resonators M Ry and M R,. The charge on M R, is C; V| while
on M R, itis —C,V, with capacitors C and C; corresponding
to bias voltages V| and —V,. The Coulomb coupling between
MRy and M R; is defined as g, = C‘ V‘QV’ [41,74-76], where,

ro is the equilibrium distance between M R1 and M R,. The last
two terms represent the input laser field and the probe field with
_ |2k _ 29K
=/ Gy and€, =/ i, > a0d
g1 and g, are the laser and probe field powers. Moreover, ¢ and
¢! are the annihilation and creation operators of the cavity field,
p1 and p, are the momentum operators of M R| and M R, while
g1 and qz arethe posmon operators of M Ry and M R,. The sym-
bols 0, 0!, and o’ are the Pauli-spin matrices that satisfy the
spm.matrlx algebrai.e., [qi, ¢ = :l:az] and [(7Z ai' = :i:ZUi]
We introduce new bosonic operators for the atom in terms of
o1 . . . — -1—
annihilation and creation, i.e.,a = \/7 \/7 with the

bosonic commutation relation [a,a] = 1[73]. At ground state
atoms satisfy the relation (o 'y = —N, and cannot change by
the interaction with the cavity. Rotating the frame with the laser
frequency w; the Hamiltonian of the whole system becomes

amplitudes £ and €,,. Here, E;

. , 2 1
H = FzAcc‘c + hAaara + P + —mla)%qlz
2m1 2

p 1
+( =% + zmaw3q3 ) — hgocteq
2my 2

+ hgacy/Nala'c + ac') + hg.qiqz + iRE/(c' — ¢)

+ifi(cTe, e — ce e“”) )

where A, =w, —w; and A, = w, — w; are the detuning
between the field frequency and atomic frequency with
respect to laser frequency, and § is the detuning between the
probe field with frequency w, and the strong driving field
with frequency wj.

III. THEORETICAL MODEL AND SOLUTIONS OF NEOMS

In order to study the complete dynamics of the system, we
introduce new terms, which are associated with the dissipation
of the system. Let y; and y; be the decay terms corresponding
to MR; and MR,; y, is the decay term due to the atomic
oscillation between the two levels. The Heisenberg-Langevin
equations for the system described as

. P1
g = —,
mi
. P2
G = —,
my
p1 = —mwiq + goc'c — geqr — yip1 + C1(2),
P2 = —mawyqy — geqi — y2p2 + §(0),

¢ =—(K +iAJ)c+igocqi
+ e, + V2icin(t),
a=—(ya+ilAga —igc+/2yaain(t), 3)

where /i =1 and g = gucn/N,. Moreover, &;(¢) is the
quantum Brownian thermal noise term that comes from the
coupling between the cavity field and M R}, while &,(¢) is the
quantum Brownian noise term that comes from the Coulomb
coupling between M R; and M R, « is the decay of the cavity
field, and cj, is the input vacuum noise operator with zero
mean values, i.e., {c;;,) = (¢(¢)) =0 [77]. They follow the
nonvanishing commutation relations (8¢;,(¢)8¢in(¢)) = 0,

(Scin()cl (1)) = 8(r — ') and (£ ()¢ (1)) = (n + 1)8(t — ')

ho
[78]. Here, n = (e”(; — 1)7! is the equilibrium occupation

number of the resonators having frequency w;, kp is the
Boltzmann constant, and 7 is the thermal bath temperature.
Under the mean field approximation (cfc) = (cf)(c) [1], the
mean value equations of the system become

—iga+ E;

Gy = 2,

nj
@ =22,
(p1) = —mio7(q1) + golc')(c) — gc(q2) — v1(p1),
(P2) = —maw3(q2) — gc(q1) — va(pa),
(€) = —(k +iA)(c) + igolc)(q1) —igla) + E; + epe™,
(a) = —(va +iA){a) —ig{c). “4)

Here, Eq. (4) represents a set of nonlinear equations with mean
values. The noise terms are vanished due to their zero mean val-
ues. To find out the steady-state values of the system, we define
new operators with their steady states [79,80]. Therefore,

—iét +0 etelat (5)

(0> = Oy + o+€[7 P

The first term in Eq. (5) on the right side represents the
steady-state value, the second and third terms are treated as
perturbations, respectively, with frequencies w;, w,, 20; — w,.
Substituting Eq. (5) into Eq. (4) using the steady-state condition
0 = o4 4 80 and o; > d0. Keeping the first-order terms, the
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steady-state mean values are described as

Pis = P2 = 0,
g1 = 8o | ¢s B
Is — — 2 »
mlw% - mi’;)%
2
q —808c | Cs |
2s — B s
maw3 (mywi — %w%)
EL
G= """ g >
K+ iIA =+ m
A=A — 8091s- (6)
Hence,
c.=€lA—B+C—-B*A'+B+C)'I7Y, (D
where
A=k +i(A-9),
=Y ,
a—p
a =mi(w] — 8 —isp),
B = &
mz(a)% — 82 — 15]/2) ’
2
8
Gy=g|e|>.C= —24 |
K] g0| S| )/a+i(Aa_8)
A =Kk —i(A+9),
S
Ya — i(Aa + 8)
Here, c_ represents the analytic description of the

optomechanical-induced transparency. It shows the nonlinear-
ity behavior of the system. Moreover, we are dealing with
the mean response of the system to the probe field at which
A. = A,; in this case the atomic state remains in the excited
state, which implies that the field frequency is in resonance with
the atomic frequency, i.e., o, = w,. In addition, at detuning
8§ = w; and A = §, the coupling between the cavity field and
M R, becomes stronger. For simplification, we consider that
the system is in the resolved-sideband regime, i.e., w; 2 > «
and § ~ w;, [1]. We are interested in the outfield of the cavity,
therefore we use the input and output relation of the cavity [81].

Cout = V2KC — cip,
El € :
Cout = V2K, — — +\/2K<C——p>€_l&
o ( \/2[() V2K
+2Kcp e, (8)

Equation (8) shows that the output field consists of three
terms. The first term corresponds to the output field at driving
field with amplitude E; and frequency w;. The second term
corresponds to the probe field with frequency w, and the last
one corresponds to the output field with frequency 2w;-w,,,
which is related to the stoke field. Moreover, the second term
represents the electromechanical-induced transparency, while
the third term shows four-wave mixing of the system. In the

four-wave mixing process the two photons of the driving
field interact with a single photon of the probe field each
with frequencies w; and w, born a new photon of frequency
2wj-w,. It shows the nonlinearity behavior of the system. We
are interested in the outgoing field of the probe field. For this
description, we write the rescaled output field corresponding
to the probe field amplitude, i.e.,

2Kc_

Eou = (9)

€p
The output probe field accounts for in-phase and out-phase
as part of real and imaginary parts corresponding to the

quadratures Re(Eqy) = % and Im(Eqy) = K(C:C*’),
which describe the absorptioln and dispersion of the sylstem
with respect to the probe field. In general, modification of
the probe field and induced transparency is produced by the
atom-field coupling, and coupling of the mechanical resonator
with the cavity [1,39]. Here, in the present case we discuss
the electromagnetically induced transparency in detail in the
presence of optomechanical coupling, atom coupling, and
an electrostatic Coulomb coupling. Moreover, in the narrow
regime of the optomechanical-transparency window the
phase dispersion relation is ¢;(w,) = arg(Eoy) can cause the
transmission group delay given by 7, = df(’(Tap")’). The positive
group delay 7, > 0 corresponds to fast light and the negative
delay group 7, < 0 corresponds to slow light, respectively.
The phase change can play a significant role in slow and fast
light propagation, which is treated separately.

We select the parameter values used in this paper unless
stated differently [1,27,41,82-84]. Here, w; = wy = 27 X
947 KHz, k = 27 x 215 KHz, Q = 6700, 12 = %, m; =
my = 145 ng, 8§ = w;, typically N, = 10® Rb¥’ atoms are
coupled to the laser light inside a Fabery Perot cavity, with
atomic decay rate y, = 27 x 10 KHz. The wavelength of
the driving field A; = 1064 nm, laser power g; =2 mW,
length of the cavity L =25nm, E; =27 x 20 x 10° Hz.
Moreover, atom-field coupling g,.~/N, = 27 x 40 KHz, the
optomechanical coupling go = 2 x 4 KHz, and the Coulomb
coupling g. =27 x 100 KHz. The atomic detuning A, =
2m x 30 KHz, and the field detuning A, = 27 x 100 KHz.

IV. MULTIPLE-EMIT-WINDOWS PROFILE
IN THE OUTPUT FIELD

In this section, we explain the multiple EMIT of the output
probe field with frequency ), in the presence of atom-field
interaction, mirror field interaction, and electrostatic Coulomb
interaction. The output field of the probe field can be expressed
as

Eo = MUp + il),,, (10)

where 11, is the real part of the out field and v, is the imaginary
part of the out field. We show real and imaginary profile of the
output field in terms of the multiple-EMIT-windows profile.
Likely, if both atom-field coupling and Coulomb coupling are
switched, the single EMIT window profile is obtained [1,5]; if
atom-field coupling or Coulomb coupling is switched, we get
the double EMIT window profile [39,41]. Here, we describe
EMIT in the presence of all three couplings.
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FIG. 2. We show the absorption Re[ E,, ] and dispersion Im[ E ]
spectra of the output probe field as a function of normalized detuning
mi]. (a) and (e) go = 27 x 15 KHz. (b) and (f) go = 27 x 20 KHz.
(c) go = 27w x 30 KHz. Other parameters are g, = 27w x 40 KHz,
g. =2m x 100 KHz, x = 27 x 215 KHz. (d), (g), and (h) go, Zac»
g. = 2m x 50 KHz, 27 x 75 KHz for comparable couplings.

In Figs. 2(a)-2(h), we show the absorption Re[ E,] and dis-
persion Im[ E, ] multiple EMIT profile of the out probe field
as a function of normalized detuning 6/w, for different values
of optomechanical coupling. For simplification, we consider
both mechanical resonators M R; and M R, to be identical.
Later on, we will treat both M R; and M R, differently. The
electromechanical-induced transparency is generated by the
coupling between the M R; and optical field. The coupling
between the M R; and optical field generates the radiation
pressure force. This radiation force oscillating with frequency
difference correspond to detuning, i.e., § = w, — w;. If this
frequency approaches M R; resonance frequency w;, then
the M R; mode starts to vibrate coherently. In this case the
frequency of the probe field turns from Stoke frequency to
anti-Stoke frequency w; + w,; it generates the light scattering
inside the cavity of the strong driving field and produces
destructive interference. In such a case the system is in the
resolved side-banded regime at which w; > k. Therefore, we
consider the anti-Stoke field with frequency w; + w,, inside
the cavity. It suppresses the intracavity probe field and as
a result a narrow transparency window of the out field is
produced. In short EMIT depends on both the constructive
and destructive interferences. In Figs. 2(a)-2(c), we plot the
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FIG. 3. We show the absorption Re[ E,,] and dispersion Im[ E ]
spectra of the output probe field as a function of normalized detuning
2. (a)and (e) gacv/Ny = 27 x 40 KHz. (b) and (f) guen/Na = 27 X
50 KHz. (c) and (g) gaen/N, = 27 x 60 KHz. (d) and (h) g,c/N, =
2w x 70 KHz. The rest of the parameters are the same as those used
in Fig. 2.

absorption spectrum of the output field for weaker optome-
chanical coupling, i.e., go = 2w x 10 KHz, 27w x 15 KHz,
27 x 20 KHz. For these values the EMIT transparency win-
dows are thinner at the sides while broader at the middle. By
increasing the value of optomechanical coupling the EMIT
multiple window become wider at the side and narrow at the
middle. If we increase the value of optomechanical coupling
go to comparable values of g,. and g. = 27 x 50 KHz. The
EMIT windows become much wider at the side and much
narrower at the middle as shown in Figs. 2(d)-2(g). In this
case, we assume that there are the least number of atoms and
low voltages across each mirror (weak charges). However, for
higher comparable values of all three couplings for the high
input field, a higher number of two-level atoms and maximum
voltages (greater charges), i.e., g0, ac> & > 27 x 50 KHz.
The EMIT dispersion window becomes broader and broader
at the sides as well as at the middle as shown in Fig. 2(h).
In Fig. 3, we show the absorption Re[E,,] and dispersion
Im[E,y] multiple EMIT profile of the out probe field as a
function of normalized detuning wi] for different values of the
atom field coupling. In Figs. 3(a) and 3(e), and 3(b) and 3(f)
both the central and side windows are broader for the values
8acn/Ny = 2 x 40 KHz and g,.+/N, = 27 x 50 KHz. But
further the central windows become narrow and the side
windows become wider in Figs. 3(c,g,d,h), for the values
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FIG. 4. The absorption Re[E,,] as a function of normalized
detunlng = corresponds to different values of cavity decay, k =
0.57 x 215 KHz (black solid line), k = 2.5 x 215 KHz (blue dot-
ted line), k = 1.57 x 215 KHz (red solid line).

8uen/ Ny = 21 x 60 KHz, g,.+/N, = 2 x 70 KHz. In short
both the EMIT absorption and dispersion window profiles are
wider at the center and narrow on the side for minimum values
of the coupling constant and vice versa. In Fig. 4, the absorption
Re[Ey] is shown for different values of «. The absorption
spectrum has three maxima and two minima. The maxima
and minima of the window remains unchanged for different
values of «. The minima of the EMIT window profile of the
transparency become narrow and sharper for higher values of k
but the maxima of the window become wider and broaden for
higher values of the cavity decay. Moreover, for a fixed laser
driving field, where the « value is higher the spectrum becomes
wider and wider at either side. But, in contrast, the central
spectrum becomes narrower and narrower for higher values
of k. The central line of the absorption spectra of Re[ Eqy] is
helpful in detecting the electrostatic interaction between the
M R;. In Fig. 5, we show the absorption Re[ E,] spectrum as
a function of normalized 2 for different values of Coulomb
coupling g.. In the absence of atom field coupling the EMIT
window profile splits into two windows [40,41]. Once the atom
field coupling is present the EMIT window profile splits into
the three-window profile. We see from Figs. 5(a)-5(c) plotted
for minimum values of Coulomb coupling the EMIT window
profile is in closer form. But the EMIT window profile in
Figs. 5(d)-5(g) become wider and wider once we increase the
values of the Coulomb coupling. Our system is more effective
as discussed in previous work [41,85,86]. In our proposed
system, the most sensitive terms are the atom field coupling
8ac» cavity decay «, and Coulomb coupling g.. The result of
Re[ E, ] against robustness « and the narrow profile of the out
probe field. In such a situation, we can measure the coupling
strength with more precision between the M R;. Our robustness
system consists of the fixed value of the Coulomb coupling,
atom field coupling, and the input driving field by which the
equilibrium position of the mechanical resonator may decide.
Increasing the value of x causes the radiation pressure to
decrease. But, when the MR is at large displacement large
strain is needed to reduce the radiation pressure and vice versa.
Moreover, the Coulomb coupling can break the symmetry of
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FIG. 5. We show the absorption Re[ E,,] spectrum as a function
of normalized detuning j—l for different values of Coulomb coupling.
(a) g- =2m x 100 KHz, (b) g. =37 x 100 KHz, (¢) g. =4m x
100 KHz, (d) g. =57 x 100 KHz, (e) g. = 6w x 100 KHz, (f)
g. = Tm x 100 KHz, (g) g, = 87 x 100 KHz. Other parameters are
8acv/N, =21 x 40 KHz, go = 27 x 4 KHz, k = 2 x 215 KHz.

the EMIT interference, produce a bright shape within the EMIT
line, and generate double and triple EMIT windows of the out
field. Further, the absorption and dispersion spectrum becomes
narrow for large displacement. Therefore, the system needs to
be robust against cavity decay k.

V. DIFFERENT MECHANICAL RESONATORS

A. When frequencies of MR, and MR, ®; # w,

Now, we treated the M R, and M R, as different oscillators
having different frequencies @; # w;. In this case the result is
a little different from identical M R; and M R,. In Fig. 6 the
absorption spectrum Re[Eom] of triple EMIT shows against
the normalized detuning w— identical M R;. It shows the
comparison of two different M R, to two identical M R;. In the
case of identical M R the coupling constant is less sensitive as
compared to different M R;. For different oscillators w; # w;
the spectrum lines shift towards right while in the case of
same resonators w; = w; the spectrum lines move towards
left. We take the robustness of our system in the resolved-
sideband regime in which w; > x. Moreover, the multiple
EMIT windows work in the resolved-sideband regime in which
the bright lines appeared. In the unresolved-sideband regime

033812-6



MULTIPLE ELECTROMECHANICALLY-INDUCED- ...

PHYSICAL REVIEW A 97, 033812 (2018)

FIG. 6. The absorption spectrum Re[E,,] as a function of nor-
malized detuning w% identical resonators correspond to different
frequencies of M R;.

w; K k the system is not robust and the absorption spectrum of
EMIT does not work and the sideband transition looks blurred.

B. When the masses of M R, and M R, m; # m;

In Fig. 7, we show the normalized absorption Re[Eqy]
spectrum of the triple EMIT window profile versus normalized
detuning % identical resonators corresponding to different
masses. In this case, if the masses of the mechanical resonators
are smaller the multiple-EMIT-windows profile is wider on
both the left and right sides. By increasing the mass of one
resonator corresponding to the other resonator the multiple-
EMIT-windows profile moves from both sides towards the
center and comes closer to each other. Both maxima and
minima peak heights remain unchanged. The sharpness of
the peaks of both maxima and minima remains the same
on both sides. But the central peaks of both maxima and
minima become sharper (red one) with increasing the mass of
a resonator. The absorption power increases by increasing the
masses of the resonators. In this case the radiation pressure
does not increase inside the cavity. In this way, we can

0.4 0.6 0.8 1.0 1.2 1.4 16
ol w4
FIG. 7. The absorption spectrum Re[ E,, ] as afunction of normal-

ized detuning w% identical resonators correspond to different masses
of MR, and M R,.

FIG. 8. The absorption of the output field as a function of
normalized detuning wi] shows the multiple Fano resonances corre-
spond to different values of atom field coupling, g,.«/N, = 27 x
10 KHz (black solid line), g.co/N, = 27 x 20 KHz (blue dashed
line), gacn/Ny = 27 x 30 KHz (orange solid line). The other pa-
rameters are k = 2w x 215 KHz, A, =27 x 100 KHz, and gy =
27w x 8 KHz.

handle the optomechanical coupling strength by reducing the
radiation pressure inside the cavity with changing the mass
of one resonator to the other resonator. On the other hand the
symmetry of the system also remains unchanged by handling
the nano-electro-optomechanical coupling.

VI. MULTIPLE FANO RESONANCES
IN THE OUTPUT FIELD

In this section, we demonstrate the Fano line shapes by
using certain conditions of [52] in multiple electrical-induced-
transparency results of the output field. Since Fano resonances
are produced by the constructive and destructive interferences
between the probe field and driving field amplitudes. By
switching off both the Coulomb coupling and atom field cou-
pling a single Fano resonance (SFR) appeared while switching
off one of the couplings of NEOMS there is a double Fano
resonance (DFR) which is discussed in detail [39,52]. Here,
we discuss the multiple Fano resonances (MFR) in hybrid
nano-electro-optomechanics system (NEOMS) in the presence
of all the couplings. In Figs. 8 and 9, we show narrow Fano
resonance profiles of the output field in their absorption and
dispersion forms. It can be observed to broaden at detuning
A, ~ w1 In Fig. 7, we take the values of A, =2m x
100 KHz, § = 27w x 947 KHz, A = w2, g =27 x 100 KHz,
go=2m x 8§ KHz. The Fano resonance moves away from the
cavity resonance and for higher values at off resonance it
acquires an asymmetric line shapes. The peaks and depth of
lines become steeper and broaden shape for different values
of the atom field coupling via keeping the Coulomb coupling
fixed. The Fano line shape occurs when the system is in
complete resonance. The existence of two-level atoms leads
to nonresonant interaction; as a result the Fano line shapes
transfer from symmetric to antiasymmetric shapes. Moreover,
when the atoms are in resonant with the stokes sideband the
absorption peaks of the EMIT can split due to the vacuum Rabi
frequency gu.+/N, as shown in Fig. 8. In short, from Figs. 8
and 9, it is clear that in the presence of all three couplings of
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FIG. 9. Multiple Fano resonance profiles of the output field
as a function of normalized detuning % show the multiple Fano
resonances corresponding to different values of atom field cou-
pling, g..+/N, = 2 x 10 KHz (black solid line), g,c+/N, = 27 x
20 KHz (blue dashed line), g../N, = 27 x 30 KHz (orange solid
line).

the NEOMS, we observed the sharp and broadened multiple
Fano resonances (MFR) in the system.

VII. CONCLUSION

In conclusion, we demonstrated the multiple-EMIT-
windows profile under the Coulomb coupling between the

charged mechanical resonators in the presence of a medium
consisting of two-level atoms. The atom-atom interaction is
low so that we have each atom acting individually. This is our
first proposed model for multiple EMIT under the Coulomb
interaction and the two-level atoms with the Jaynen’s Cum-
ming model. This work can be extended into other multiple
interactions such as dipole-dipole interaction between the
charged resonators, long-range interaction, ion-ion Coulomb
interaction and van der Waals interaction. We discuss the
robustness of our system and provide the suggestion for the
detection of Coulomb coupling in the multiple-EMIT-windows
profile. We provide an analytical approach for the multiple-
EMIT-windows profile. We discuss in detail the results for
the same resonators and for different resonators. We show the
behavior of the system under different masses of resonators.
We studied Coulomb coupling and atom field interaction
separately and discuss the effects of each individually. We
report the multiple Fano resonances in hybrid NEOMS by
adjusting all the coupling with one another. We report that,
when the atoms are resonant with the anti-Stokes sideband of
the peaks of the multiple-EMIT-windows profile transfer from
symmetric shapes to antisymmetric Fano resonances.
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