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The ideal optomechanically induced transparency effects of an output probe field are investigated in a cavity opto-
electromechanical system, which is composed of an optical cavity, a charged mechanical resonator, and a charged object.
Although the charged mechanical resonator damping rate is nonzero, the ideal optomechanically induced transparency can
still appear due to the non-rotating wave approximation effect in the system. The location of optomechanically induced
transparency dip can be controlled via the Coulomb coupling strength. In addition, we find that both the transparency
window width and the maximum dispersion curve slope are closely related to the optical cavity decay rate.
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window width
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1. Introduction

U-38] have become one

Dur-
ing the past decades, scientists have never stopped exploring,

Cavity optomechanical systems
hot topic in the development of manipulating light.

then a series of phenomena have been obtained one after the
other in cavity optomechanical systems, for example, optome-

[4.5] entanglement, (8]

chanically induced transparency (OMIT),
ground-state cooling of the mechanical resonator,*~!!1 op-
tomechanically induced absorption,”-'?) amplification, 3]
normal-mode splitting,['*! and Fano resonance.!!>! A notable
achievement discovered among these phenomena is OMIT,
which has been first proposed theoretically in Ref. [4] and
first experimental demonstrated in Ref. [5]. Subsequently,
many significant new phenomena have been achieved base on
OMIT, such as reversed OMIT,[!'7-'8] nonlinear OMIT, ! vec-
tor OMIT,?°! multiple OMIT,!!>2! higher-order OMIT, !
and nonreciprocal OMIT.[?3] These phenomena make cavity
optomechanical system a powerful platform to realize light

storage and delay?+%]

on account of the abnormal disper-
sion accompanied with a small width of the transparency
window.[!-?) However, a practical problem is that it is very
difficult to achieve both a large depth and narrow width of
the transparency window in OMIT.!:?] So, it is still a long-
standing challenge to obviously improve OMIT. But recently
Yan!!?! studied ideal OMIT with the non-rotating wave ap-
proximation (NRWA) effect which was not considered in pre-
vious works. Compared with the traditional OMIT case, in
which there still exists little residual absorption at the window

centre, the idea OMIT means precise non-absorption indicat-

DOI: 10.1088/1674-1056/ac1924

ing the unitary window depth at the window center. In addi-
tion, the width of the window is also narrow, so it is viable to
achieve ideal transparency and the ultraslow light.

The conventional cavity optomechanical systems can be
made up of one optical cavity, and one mechanical resonator.
Most attention has been focused on the conventional cav-
ity optomechanical system, but it is necessary to generalize
it to different complex cavity optomechanical systems, 6]
because that complex cavity optomechanical systems can
exhibit more richer quantum behaviors. Complex cavity
optomechanical systems include multi-mechanical resonator
cavity optomechanical system,?%! cavity optoelectromechani-

cal system,[40:42]

atomic-medium assisted cavity optomechan-
ical system,!'®) multi-cavity optomechanical system with and
without optical parametric amplifier,**# and so on. In
the complex cavity optomechanical systems, cavity optoelec-
tromechanical system has attracted more attention, which is
composed of a charged object and a cavity optomechanical
system. In this system, Zhang et al.[*?! has implemented the
precise measurement of the charge number for small charged
object via OMIT.

Although Zhang et al.'*?! have proposed the scheme to
realize precise measurement in cavity optoelectromechanical
system, other output probe field properties of this system also
attract our interest. In this work, inspired by the ideas in
Refs. [1,2,42], we consider to explore the ideal OMIT proper-
ties in a cavity optoelectromechanical system with the NRWA
effect. To our knowledge, the ideal OMIT considering the

NRWA effect has not been studied in a cavity optoelectrome-
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chanical system. Our work shows the ideal OMIT can be
achieved via NRWA effect. With the appropriate parameter
regime, we further consider the effect of the interaction be-
tween a charged mechanical resonator and a charged object
with coulomb coupling strength, the cavity decay rate, and
mechanical resonator damping rate on the ideal OMIT phe-
nomenon. Firstly, the ideal OMIT phenomenon can be found
in the resolved or unresolved sideband regime, respectively.
Secondly, by increasing coulomb coupling strength, the loca-
tion of the OMIT dip moves leftward significantly. Thirdly,
the transparency window width of ideal OMIT is sensitive to
the cavity decay rate, which is very important because cavity
decay rate increases, transparency window width becomes nar-
rower and does not affect the depth of the window. Fourthly,
the maximum dispersion curve slope also depends on the cav-
ity decay rate.

2. Model and equations

The cavity optoelectromechanical system considered in
our work is presented schematically in Fig. 1, and the op-
tical cavity is driven by a relatively strong driven field (fre-
quency @, , strength Er) and a weak probe field (frequency
@y, strength Ep). The charged mechanical resonator Qy, (fre-
quency ®p, mass m, damping rate Yy, position ¢, momentum
p, and charge Qy, ) is simultaneously coupled to the optical
cavity (frequency @) via radiation pressure and to the adjoin-
ing charged object Q4 (charge Qq) via the Coulomb force. So,
there are two kinds of interaction in the cavity optoelectrome-
chanical system, which include optomechanical coupling and
the Coulomb interaction. In the absence of optomechanical
coupling and the Coulomb interaction, the equilibrium sepa-
ration from the charged object to the charged mechanical res-
onator is expressed by ,. The Hamiltonian of the cavity opto-

electromechanical system is given as!*?!
2 2
ma,
H = ho.cfe+ (é)m + zqu) —g,ceq
_ OvQd —I—ihEL(cTeiith—Ceith)
Ame(r, —q)
+ih(EycTe 1P — Efcel ). (1)

The first and second terms on the right-hand side of Eq. (1)
present free Hamiltonian of the optical cavity, and the charged
mechanical resonator, respectively. The annihilation opera-
tor ¢ and creation operator ¢’ satisfy the commutation relation
[c,¢"] = 1. The third term in Eq. (1) represents optomechani-
cal interaction between the optical cavity and the charged me-
chanical resonator due to the radiation pressure with the op-
tomechanical coupling strength g,. The fourth term in Eq. (1)
shows the Coulomb interaction of the charged mechanical res-
onator with charged object. As compared with the equilibrium
separation r,, the charged mechanical resonator position g is

relatively small, i.e., ¢ < r,, so the term of Coulomb inter-

action between the charged mechanical resonator and charged

0004 _ _ Q0 2
47‘E£(br0d—q) - _4771,')8r2 (1 + % + (;{T%)

In principle, the first two terms to the right-hand side of the

object can be rewritten as —

above equation contribute small to the Coulomb interaction.
For the convenience of analysis, the effect of the first two terms

can be neglected. So the Coulomb interaction can be reduced

— 90
dmery

pling strength. In the case without Coulomb coupling strength

to the simpler form ng?, where 7 is Coulomb cou-

n, i.e., N = 0, the charged object is fully decoupled from the
charged mechanical resonator, so the cavity optoelectrome-
chanical system is reduced to the cavity optomechanical sys-
tem. While whenever 1 # 0, the charged object, optical cavity,
and charged mechanical resonator are all coupled. The last two
terms in Eq. (1) correspond to the interaction between the op-
tical cavity and the applied fields. The Hamiltonian in Eq. (1)
in the rotating frame at the driven field frequency @, can be
presented as below:

2 2
Q)

H = iAot (22 £ 20m 2 —g,clecq—ng’
2m 2

+ihEL(CT*C)+ih(EpC+e_i5t7E;C6i5t), (2)

where Ac = @. — @, , and 6 = @, — @, . Based on Eq. (2), the

Langevin equations of the cavity optoelectromechanical sys-

tem operators can be described as below:[+7!
P
q= —
m
. h i
p == p—mopg+g,cc+2ng,

¢ = —21<cc—iACc+%gocq+EL+Epe—i5f. 3)

Under the mean field approximation and using the factoriza-
tion assumption, we write the Langevin equations for the mean
values as below:

@ =2

m

) = =2 ()~ moia) + g () (e +2n(a),

(¢) = —2KC<C>—iAC<C>—|—%g0<c><q>+EL_|_Epefi§z. (4)

The driven field provides a steady-state mean value of the op-
erator As (A = p,q,c), while the probe field causes a pertur-
bation to the steady state. We suppose the operator A can be
approximately written by using the following form:

(A) =As+E,0A, e "% + E;SA_e'". 5)

Substituting Eq. (5) into Eq. (4), and setting x = 6 — @n,
®n ~ 0 ~ A, we can get the following analytical expressions:

Ps = 07
2
q — g0|CS|
T omed-2n’
EL
Cs = >
2K, +1A
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1
5C+ - ﬁ ) (6)
2K, —ix+ :
Y—mfix—inJrN
4 My
where A = A, — %goqs, and B and N are given as
2112
8 |
= 7
B man’ )
B
N=———7—. 8
2K — 210 ®)

From Eq. (6), we notice that the term N is very interest-
ing. When we apply rotating wave approximation to solve the
Langevin equations, the term N does not exist in ¢, (see Ap-
pendix A for details). Hence we call the term N is NRWA
effect.[1:?]

A @—"L 4 To J

I —

Fig. 1. Schematic diagram for the cavity optoelectromechanical system with
one optical cavity, one charged mechanical resonator charges is Oy, and one
charged object charges is Q4. The charged mechanical resonator is coupling
to an adjoining charged object via the Coulomb force. The strong drive field
with amplitude Ep. and weak probe field with amplitude E,, are applied to
drive the optical cavity. In the absence of the radiation pressure and the
Coulomb force, the equilibrium separation between the charged object and
the charged mechanical resonator is expressed by rg. 4]

According to the theory of the input-output relation, &7 =
2kdcy, the component of the output field at the probe fre-
quency is given as
25

e = 21(05C+ = B . (9)

Y—mfixfiJrN
4 my

The real part Re[er] shows the absorption of output probe field,

2K, —ix+

and the imaginary part Im[er] shows the dispersion of output
probe field. According to Refs. [1,2], if N = 0, the absorption
line of the output probe field presents OMIT. With the term N,
the conditions of the ideal OMIT dip can be easily obtained.
Next, we will discuss the condition of ideal OMIT according
to Eq. (9).

3. Results and discussion

We set & —jx —

o+ N = 0.2 After a few steps of

m
algebra, we can get

N Ok

X0 = —@ 4K, , (10)
o Y (K2 + ©3)
Bo = TS an

where xg is the position of the OMIT dip.["*! From Eq. (10),
it can be found that x¢ depends on Coulomb coupling strength

n, optical cavity decay rates k., and charged mechanical res-
onator damping rates Y. It is obvious that xq is always less
than zero with Coulomb coupling strength n > 0. Given a
suitable By according to Eq. (11), even if the charged mechan-
ical resonator damping rate is non-zero, the ideal OMIT can
also occur.!"?] Tt may be noted that B > f3 indicates optome-
chanically induced amplification (Re[er] < 0), while 8 = B
represents OMIT. [:%]

According to Eq. (11), we could investigate the ideal
OMIT behaviors of the cavity optoelectromechanical system
under different parameter regimes, such as the cases of the re-
solved sideband regime k. < wp, and the unresolved sideband
regime K. > @py. In the calculations below, the charged me-
chanical resonator damping rates ¥, and Coulomb coupling
strength 1) are also included. The numerical results are ob-
tained by choosing the reasonable system parameters. The ¥,
is set Ym << On, K¢, the charged mechanical resonator damping
rates ¥y, = 1 Hz, resonance frequency oy, = 10* Hz and mass
m =5 g, and Coulomb coupling strength n = 50 Hz.

In Fig. 2, we present the real part Re[er] ((a) and (c)) and
the imaginary part Im[er] ((b) and (d)) of the output probe
field as a function of the normalized frequency detuning x/ 7
when k. = 0.2wy, ((a) and (b)) and k. = 2@y, ((c) and (d)).
We first consider k, = 0.2y, which is shown in Figs. 2(a)
and 2(b). Figure 2(a) shows that the real part can reach to
the maximum value Re[er] = 1 and a single dip occurs around
X0/Ym = —2.25, which means the typical OMIT of the output
probe field. Meanwhile, the real part have a minimum value
Re[er] = 0, which suggests that the ideal OMIT can be at-
tained with the help of NRWA effect. We continue to study
the case of unresolved sideband regime k. = 2@y, in the cav-
ity optoelectromechanical system. When the cavity optoelec-
tromechanical system changes from k. = 0.2y, to K. = 20y,
the ideal OMIT can still appear as shown in Fig. 2(c). From
Figs. 2(a) and 2(c), we can conclude that just by modulating
K, the structure of the ideal OMIT spectral is only a trans-
parency window, and the transparency window depth remain
unchanged. It is obvious that the slope of the steep dispersion

curve around frequency — - w? .
m /m

responding to ideal OMIT) is negative, which indicates that

Oy
s (at same frequency cor-

the output probe field can be appeared slow light effect from
Figs. 2(b) and 2(d). More importantly, three conclusions can
be drawn from Fig. 2. The first one is the different posi-
tion of the ideal OMIT dip, and the dip appears at frequency
_mw?nym — %. The second one is the different width of the
ideal transparency window. The third one is the different dis-

persion curve slope. In the following section, we will study
the position of the ideal OMIT dip, the ideal transparency win-
dow width and the dispersion curve slope in cavity optoelec-
tromechanical system by adjusting Coulomb coupling strength
n, cavity decay rates X, and charged mechanical resonator

104211-3
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damping rates Y.
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Fig. 2. The real part Re[er] ((a) and (c)) and imaginary part Im[er] ((b) and
(d)) of the output probe field as a function of normalized frequency detuning
X/¥m in resolved sideband regime k. = 0.2y, ((a) and (b)) and unresolved
sideband regime k. = 2@, ((c) and (d)).

Equation (10) shows that the Coulomb coupling strength
n is the parameter that could affect the position of the ideal
OMIT dip xg. Therefore, how to modulate Coulomb coupling
strength 1 becomes a issue. We consider the effects of the n
on the ideal OMIT in the case of the resolved sideband regime
Ke < Op. In Fig. 3(a), we plot the real part Re[er] of the
output probe field versus the normalized frequency detuning
X/¥m for the Coulomb coupling strength 7 in the case of re-
solved sideband k. < wp. The Coulomb coupling strength 1
is set with different values: 1 = 1y (red solid curve), 1 = 8
(blue dashed curve), and 1 = 1007 (black dotted curve) with
Mo = 50 Hz. From the red solid curve, blue dashed curve and
black dotted curve in Fig. 3(a), we can see that with different
coupling strength 1, the OMIT dip appears in different posi-
tion. In the case of Coulomb coupling 11 = 1o (red solid cure),
we can get xo/¥m = 2.25, which is coincide with Fig. 2(a). As
for the black dotted curve, we set Coulomb coupling strength
1n = 100M0, and compared with blue dashed curve, we find the

location of the ideal OMIT dip changes more obviously. So, it
|

can be clearly seen that the dip of the ideal OMIT moves left-
ward with the Coulomb coupling strength 1) increasing. From
Eq. (10), we know that if k./@p, is fixed, the location of the
ideal OMIT dip xo/¥m decreases monotonically with Coulomb
coupling strength 7 increasing. In Fig. 3(b), we plot the loca-
tion of the ideal OMIT dip xo/ ¥ versus the Coulomb coupling
strength 17/7o. The trend reflected in Fig. 3(b) indicates that
the value of xo /¥ will definitely become smaller with increase
of Coulomb coupling strength 1.

1.0

0 b)
_ 038 —20
506 & —40
@ 04 g —60
0.2 —80
0 —100

0 20 40 60 80 100

n/mo

—130 =50 0 50
%/ Y

130

Fig. 3. (a) Real part Re[er| of the output probe field versus the normalized
frequency detuning x/ ¥y, for different values of 1 in the cases of resolved
sideband regime k. < ®y,. Here 1 = 1 for the red solid curve, = 87 for
the blue dashed curve, and 11 = 1007 for the black dotted curve. (b) The lo-
cation of the OMIT dip xo/¥m versus the Coulomb coupling strength 17/1p.
We assume that k¢ is a fixed value k. = 0.2, 1o = 50 Hz.

In the following, we can obtain the transparency window

width I" (full width at half maximum) from Eq. (9). To obtain

the transparency window width I", we thus need to specify!!-?!

X = xo+y. (12)
Substituting Eq. (12) into Eq. (9), we have
or= a)mch (k2 + w2) (3
2K+ {mZ)m + 4’2:" v . ZCKCy -
Setting Re[er] = 0.5 , we have
- (mZ)m ere :FZKc) - Ym('ﬁ; ) _o. (14

Equation (14) is a quadratic equation in y that will have two

distinct roots y; and y»,

2 2 2
2% (K + @
N Ot (n+wm%w_2,<c> L P+ )
moym 4K myn 4K Ke
Y1 = )
2
2 2 2
2% (K 4+ o
N Ot (n+wrn%n+2,<c> L (K + )
moy, 4K moy 4K Ke
Y2 = 2

Then the transparency window width can be calculated by the

difference between the two roots -]

I' =y —y. (15)

In order to get deeper insight into the transparency window
width, we need to deal with Eq. (15). It is shown that under
certain conditions (}m < @m, Kc), the complicated expression

10

‘of Eq. (15) can be simplified as

2m @ (K + 0OF)
222 2
Am kw5 — 1

I = (16)

In Eq. (16), the transparency window width I" will change
with different },, and k. To see the effect of the optical cavity
decay rate k;/@n and charged mechanical resonator damp-
ing rate %, on the transparency window width, we plot the

4211-4
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transparency window width I" as functions of the decay rate
of cavity K./ and charged mechanical resonator damping
rate ¥y in Fig. 4(a) with unresolved sideband regime k. > oy,
and in Fig. 4(b) with the resolved sideband regime k. < @p,.
Figures 4(a) and 4(b) show that the trend of the transparency
window width I" agrees very well for this two cases. We can
obtain the following three results, the first one of which is that
the larger charged mechanical resonator damping rate 7y, will
induce wider transparency window, if k./oy, is fixed. Sec-
ondly, when mechanical resonator damping rate Y, is fixed,
larger Kk, leads to the decrease of the transparency window
width I', so the transparency window becomes narrower and
sharper. Thirdly, we see that the transparency window width
I' increases significantly when k; increases from unresolved
sideband regime to resolved sideband regime. For example,
we can see that the transparency window width reaches the
value I' = 125 Hz when k./®y = 0.2 and mechanical res-
onator damping rate ¥, = 10 Hz for fixed n = 50 Hz. How-
ever, under the same conditions, except K./, = 1.5, the

transparency window width reaches to the value of I' = 10 Hz.
We need to emphasize that although the transparency window
becomes narrower and sharper with larger «., the depth of the
transparency windows remain unchanged.

10 0.5 —
i 7
8 I 10 o g 125
35 6l 8 f |100
3 | 6 3
iy <03 ”
) .
(74 4 =y 450
2 F M...nl‘ 2 I ‘i. *
. '] 0.2t l
2 4 6 8 10 2 4 6 8 10
Yn Yen

Fig. 4. The transparency window width I" plotted as function of the cavity
decay rate K./ and charged mechanical resonator damping ¥m. (a) The
unresolved sideband regime k. > @y and (b) resolved sideband regime
Ke < Wm.

Besides of the manipulation of Re[er] by k., Im[er]
can also be affected by k.. From Eq. (13), we can get

Im[er] and further calculate the dispersion curve slope K =
dTml[er]/dy,!"? so we obtain the following equation:

. (K?me+ T Oy + in—m]:yz + %yz -2y Kc) {8K3y+ (nfgm + % - 4y> (ymx§2+ Kcymw& - mZ)mer y’:i‘“y —yzﬂ
[4K§y2+ (yngerKj’mw% " mz)my+ Yzzmy_y2> 2} ’
(ymrc3+ymw,i T I %"w“‘y—6y2> e
ke . mzwm ke . (17)
4Kk2y2 + (Ym’fcz‘:’mwm " mz)my+ Vrizmy_yz)

It can be seen that the form of Eq. (17) is somewhat
complicated. According to Eq. (17), the maximum dispersion
curve slope is given by

4K?
Kmax T B BN
Ym(Kc + a)m)

with y = 0. In Eq. (18), k. and , play important roles. In

(18)

addition, Kpax is immune to Coulomb coupling strength 7.

We want to investigate the effect of k. on Kpax. So, we
plot Kmax varies versus K/ ®n, with %, = 1 Hz (red solid line),
Ym = 0.7 Hz (blue dashed line), and };, = 0.4 Hz (black dotted
curve), in Fig. 5. As depicted clearly in Fig. 5, with the in-
crease of K/, the dispersion curve slope Kmax reduces sig-
nificantly at first, which means that the narrow transparency
dip deepens. That is to say, the ideal OMIT effect is enhanced,
however, while further strengthening k/@p, the maximum
dispersion curve slope Kpax starts to be stable. Meanwhile,
the curve with ¥, = 1 Hz (red solid line) is much steeper than
that with ¥, = 0.7 Hz (blue dashed line). The steeper the slope
of dispersion curve is, the more significant the slow light effect
becomes.

K/C/wm

Fig. 5. The dispersion curve slope Knax as a function of the charged mechan-
ical resonator damping K./ ®m, with %, = 1 Hz (red solid line), %, = 0.7 Hz
(blue dashed line), and ¥, = 0.4 Hz (black dotted curve).

4. Conclusions

The aim of the present work is to investigate the ideal
OMIT properties in a cavity optoelectromechanical system
driven by strong pump field and weak probe field. The charged
mechanical resonator is simultaneously coupled to the optical
cavity via radiation pressure and to the adjoining charged ob-
ject via the Coulomb force. Solving the quantum Langevin

104211-5
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equations for the cavity optoelectromechanical system opera-
tors and using the input-output relation of the cavity, we derive
an analytical expression for the output probe field. Although
the charged mechanical resonator damping rate is nonzero, the
ideal OMIT can still appear when we apply the non-rotating
wave approximation effect. In addition, we analyze the effects
of the Coulomb coupling strength, optical cavity decay rate,
and charged mechanical resonator damping rate on the ideal
OMIT.

Appendix A: Derivation of 5c, with rotating
wave approximation

We introduce the annihilation (creation) operator b
(b") of the charged mechanical resonator, and have g =
(57=)'/2(b" +b) and p = i(™2m)1/2(hT —b). The Hamil-
tonian in Eq. (1) can be presented as below:

H = hAcc e+ h(0n—2G)b b—hgete(b" +b)—hG(b™+b?)
+inEL (" — ) +ih(Epc’ e 71 — Erce'®), (A1)

where G = % The Langevin equations of the cavity op-
toelectromechanical system operators can be described as be-
low:

b= f%‘“bi iomb+igete+ 2iG(bT +b),

¢ = —2K.c—iAcc+ige(b’ +b)+EL+ Eye 1% (A2)

The operator can be written as the steady-state mean value
plusing its small fluctuation A = Ag + SA. Substituting it into

Eq. (A2), we can get steady state solutions cg = where

E
ZKCJl;iA ’
A = o, — @, —g(b7+bs). And then the Langevin equations

of the fluctuation operators can be described as below:
§b= —%méb —iOnSb+ig(8c cs + ! S¢) + 2iG(8b* + 8b),
8¢ =—2Kk.8c—iASc+iges(8b* + 8b) + Epe 1o, (A3)

Now let us use non-rotating wave approximation to solve
Eq. (A3). We assume that the fluctuation term SA has the fol-
lowing form:

SA=EpdA e +E}A_e'. (A4)
Substituting Eq. (A4) into Eq. (A3), we can get
1
6C+ = B/ ) (AS)
2K, —ix+ 7
7m —ix—2iG+N’
where B’ = g |cs|* and NRWA effect term N/ = fm.

Now we will apply the rotating wave approximation (ne-
glecting the counter-rotating terms) to solve Eq. (A3) to find
out the origin of N’. Considering the cavity that is driven by
a coupling field at the mechanical red sideband A ~ wy, and
with the formation of solution of Eq. (A3) in the following
form §b = Sbe'®| §¢ = Sce 4", we obtain the following

equations:
Sh — _y7m5b+igc:5c+2iG5b,
8¢ = —2K.8c+igesSb+ Epe10-0n)t, (A6)

We introduce the reverse substitutions 80 = Sbel®’ and
8¢ = Scel®’  Substituting them into Eq. (A6), we obtain the
following equations:

§h— (%m + iwm) b+ igc S +2iGob,

8¢ = —(2K.+i0n)8c+igesb+Epe % (A7)
Substituting Eq. (A4) into Eq. (A7), we can get
1
Scy = B (A8)
2K, — ix+ Yo . .
7“’ —ix—2iG

The term N’ does not appear in Eq. (A8). It is clear that the
origin of the term N’ in Eq. (A5) is the NRWA effect.
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