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We investigate the properties of the ponderomotive squeezing in an optomechanical system coupled to a charged
nanomechanical oscillator (NMO) nearby via Coulomb force. We find that the introduction of Coulomb interaction allows
the generation of squeezed output light from this system. Our numerical results show that the degree of squeezing can be
tuned by the Coulomb coupling strength, the power of laser, and the frequencies of NMOs. Furthermore, the squeezing
generated in our approach can be used to measure the Coulomb coupling strength.
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1. Introduction

The optomechanical system has sparkled the interest of
a vast scientific community due to its distinct applications,
ranging from sensing of masses, forces, and displacements at
the ultimate quantum limits, to tests of the validity of quan-
tum mechanics at a macroscopic level, up to the realization
of quantum interfaces for quantum information networks.!!=I
In a typical optomechanical system, the coupling between
a movable mirror and the cavity field can lead to many re-
makable effects, such as the optomechanically induced trans-
parency (OMIT), 5!l the quantum ground state cooling of the

g, [12-14]

nanomechanical resonator entanglement between cav-

ity modes and/or mechanical modes,!>~??! and squeezed states
of the light or the mechanical modes.[?3-%]

On the other hand, the squeezed light, where fluctua-
tions in one quadrature of the optical amplitude drop below
the level of vacuum noise, is interesting from both funda-
mental and practical points of view. Such light can be used
to improve the measurement sensitivity in applications rang-
ing from gravitational wave detection'?®! to even biological
measurements. >’ Squeezed states of light are also a key in-
gredient for continuous-variable information processing. 81 It
is well known that the standard method for generating optical
squeezing is to drive a nonlinear optical medium,!*®! which
has been realized in Ref. [30].

the transmitted field can also be achievable in optomechanical
[31,32

Recently, the squeezing of
systems, I where cavity photons are coupled to mechani-
cal motion by radiation pressure. The optomechanical method
of manipulating the quantum fluctuations has been termed
as “ponderomotive squeezing”,*°! which relies on the non-
linearity induced by the optomechanical interaction between
the position of the oscillator and the intensity of the cavity

mode. 31331 Moreover, achieving this kind of ponderomotive
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squeezing experimentally is an important goal due to its appli-
cations in ultrahigh precision measurements. [3+-36!

In this work, we demonstrate a tunable squeezed light
observable in an optomechanical system, in which the
two nanomechanical oscillators (NMO) are coupled through
Coulomb force. We find that the single peak in squeezing
spectrum is split to two peaks due to the Coulomb interac-
tion. Specifically, the separation of the two optimal squeezing
points can be tuned by the Coulomb interaction.

37381 where the pondero-

Compared to previous studies, !
motive squeezing is generated in a cavity assisted by an atomic
ensemble or in a ring cavity consisting of two mirrors with-
out Coulomb force, our scheme owns some favorable features.
First, the squeezed light generated in our scheme is created
by Coulomb interaction. In addition, the Coulomb coupling
has important advantages, for instance, the range of the inter-

1,39 the strength

action distance is from nanometer to mete
can be controlled by the bias voltage, >*#° and it can also be
applied to the different kinds of charged objects at different
frequecies.*!! Second, the point with optimal squeezing can
be tuned by the frequencies of the two NMOs. Finally, we
find that the two optimal squeezing points are apart near lin-
early with respect to the Coulomb coupling strength. This fea-
ture reminds us of a practical application of the ponderomo-
tive squeezing spectrum for detecting the Coulomb coupling
strength. In this context, we have to emphasize that our pro-
posal is essentially different from previous idea, *3! where the
squeezed light is caused by the frequency difference between
the two movable mirrors. In contrast, our studied squeezed
light can be observed even for two identical movable mirrors.

The remainder of this paper is organized as follows. In
Section 2, we present the model under study and analytical
expressions of the optomechanical system, derive the quan-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

010304-1


http://dx.doi.org/10.1088/1674-1056/25/1/010304
905374532@qq.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B  Vol. 25, No. 1 (2016) 010304

tum Langevin equations, and the steady state of the system. In
Section 3, we quantify the squeezing properties of the system.
Finally we draw our conclusions in Section 4.

2. Model and solution

As sketched in Fig. 1, our system consists of a high-
quality Fabry—Pérot cavity with a fixed mirror and a nanome-
chanical oscillator NMO;. NMO; with the bias gate voltage V;
is coupled to another charged NMO, with the bias gate voltage
—V, through the Coulomb force. The optomechanical cavity
of the length L is driven by one strong pump field g, from
the left side of the cavity. The output field is represented by
Eut- g1 and g, represent the small displacements of NMO; and
NMO; from their equilibrium positions, and ry is the equilib-
rium distance between the two NMOs. Then, the Hamiltonian
in the rotating frame at frequency of the pump field ®, can be
written as

H = hAcc’c+ @(p% +ai)+ F%)z(p% +43)
— higc'eq +hAqiqr + ihgy(c" —c), (1)

where Ac = @ — @, is the detuning of the pump field from
the bare cavity. The first term in Eq. (1) is for the single-
mode cavity field with frequency @, and annihilation (cre-
ation) operator ¢ (CT). The second (third) term describes
the vibration of the charged NMO; (NMO,) with frequency
@) (), effective mass m; (my), the position g (g2), and
the momentum operator p; (p»).[*?! NMO; couples to the
cavity field due to the radiation pressure with the coupling
strength g = (@c/L)\/h/mw;. The fifth term in Eq. (1)
presents the Coulomb coupling between the charged NMO;
and NMO,, !l where the NMO; and NMO, take the charges
01 =CV| and O, = -G, V,, with Cy (Cz) and V| (—Vg) being
the capacitance and the voltage of the bias gate, respectively.
The last term in Eq. (1) describes the interaction between the
cavity field and the input field. The pump field strength g, de-
pends on the power g, of coupling field, &, = /2K, /@y,

where Kk is the cavity decay rate.

q1 q2
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Fig. 1. (color online) Schematic diagram of the system.

Using the Heisenberg equations of motion, and consider-
ing photon losses from the cavity and the Brownian noise from
the environment, we can obtain the following nonlinear quan-
tum Langevin equations for the operators of the mechanical

and optical modes: (4%}
41 = wpi,
P = —oiq1 —npi+gctc—Ag+&,
G2 = mp2,
P2 = —0q— Y2 —Aqi+ &,
¢ = —(K+iAc)c+igeq +8p+mcin, 2)

where 7 (%) and x are the decay rates for NMO; (NMO;)
and the cavity, respectively. The quantum Brownian noise &
(&) comes from the coupling between NMO; (NMO,) and its

own environment with correlation function 3]

(ENE() =m2a+1)8(t—1), (©)

where 72 = [exp(hwy/ksT) — 1]7! is the mean number of
thermal excitation, with kg being the Boltzmann constant.
The c¢j, is the input vacuum noise operator with correlation

function[*3!

{cin(t)el (1) = 8(1 =1"). ©)

We can rewrite each Heisenberg operator as a steady-state
value plus an additional fluctuation operator with zero-mean
value, ¢ = ¢s+ 8¢, q; = qgis + 6qi, pi = pis+0p; (i =1,2).
Then we insert these expressions into the Langevin equations
and obtain the steady-state values

Pls = 07 pZS:()a

2
__ 8le _—A
q1s (1)1—}\,2/602’ q2s ())qus,
¢ = —2 5)
STk +iA’

where A = A; — gqi; is the effective cavity detuning.

Retaining only first-order terms in the small quantities
60 (0 = ¢,qi,pi), the linearized Langevin equations for the
fluctuations are given by

8q1 = o\ 8py,
8p1 = —0,8q, —118p1 +G(8c+8c") —A8gr + &1,
8g» = dps,
8py = —8qr —1pSpy — Adq1 + &,
8¢ = —(k+iA)8c+i1G8q) + V2Kcin, (6)

where G = gc; is the effective coupling strength.

It is more convenient to work in the frequency domain
because, experimentally, fluctuations of the electric field are
more convenient to be measured in the frequency domain than
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in the time domain. Using the following Fourier transform for
an operator u (u = 8¢, d p;, 0q;, cin, and &),

u(t) el u(w)do,
\/27r/
W) = — [ e, ™

we rewrite Eq. (6) in the frequency domain in matrix form
AX =B, ®)
where

B = (036130752,\/&6’“1’@6;)1"
X = (5q1,5p1,6q275p275C’5CT)T’

—0; n+io A 0 -G-G
A — 0 0 iw —a 0 0
- A 0 wmp+io 0 0 |’

—-iG 0 0 0 0 0
iG 0 0 0 0 &

in which we have defined ®; = K+ i®w+ iA and &, = K+
io—iA.

By solving Eq. (8), we obtain

§c = w(@)cin + Ha(@)cl, + 13(@)&1 + u(@)&, ()

where the coefficients are given by

\/ZK‘ \/21<
() = ~_G*A_owm e,
A+
V2K
(o) = — “_GPA 0w 8,
GALA_ 0w &
w(w) = %,
GAALA_wo
() = — == (10)
in which we have defined
g = 0} — 0’ +ino,
& = w22_w2+i,y2wa
Ar = k+i(otA),
d = A {G*oA_ w6 +A [-GPow &
+A_(—iAM oo +iog &)]}. (11)

In the following, we will study the ponderomotive squeezing
numerically in the frequency domain.

3. Ponderomotive squeezing

It was shown that the optomechanical coupling can lead
to squeezing of the nanomechanical motion, which can be
inferred by measuring the squeezing of the transmitted mi-
crowave field. Here we analyze the squeezing properties of the
transmitted field, which is accessible to experiment and useful

for practical applications.>4-36] The squeezing spectrum of the

transmitted field is given by[??]

/dwsxm ®)8X$" ('), (12)

where §X" (@) = e 19 Sagy () + e84l (0) and Sagy =
V2K8a — a;,. By using the results of Egs. (9) and the follow-
ing correlation functions in the frequency domain:

(cin(@')c] (@) = §(0 + @),
(E(0)é(0)) ~ m(2i+1)8(0' + o), (13)

we can obtain

<6X0ut( )5X0ut( )>
= [14+2B,+ (e 2B+ e*%B; +)]8(0+ @), (14)

in which
B = 2k(|ti(—0)* + 71(27 + 1) |uz(—0)[*
+0(270 + 1) |ua(— o)),
B = 2 (@)s(~0) - 22
+ n2a+ 1) us ()3 (— )
+ 127 + 1) pa (@) pa(— )] (15)

Taking Eq. (14) into Eq. (12), we can obtain the squeezing
spectrum in a simple form

Se(®) =1+2B; +e 2%B. +e*%B ; ;. (16)

As the phase angel 0 is an adjustable parameter, we choose

appropriate 6 by solving dS¢(®)/(d6) = 0, then we obtain
Beo(®)
|Bee(@)|

Here, we choose the negative value to optimize the degree of

o216 — 4

a7

squeezing. Hence, equation (16) can be rewritten as

Sopt(®) = 142B,s,. —2|Be]. (18)

In order to obtain squeezing, the term 2B,;, — 2|Bc.| in the
right-hand side must be negative, i.e., Sopt (@) < 1.

For simplicity, we first assume two identical charged
NMOs

field and the cavity mode satisfying A ~ @,. To demon-

= ) = @y and the detuning between the pump

strate the numerical results, we use the experimentally real-
izable parameters from Refs. [44] and [45]: A. = 1064 nm,
k = x 107 Hz, oy, = 27 x 10’ Hz, 71 = » = 4007 Hz,
L=6mm, m =mp=12ng.

Firstly, we discuss the dependence of ponderomotive
squeezing on the Coulomb interaction strength (units of
Ao = 7 x 107 Hz/mz) in Fig. 2, where we have set T =2 mK,
T, = 3 mK, and &, = 10 mW. One can find from this fig-

ure that the squeezing spectrum presents only a single peak
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Fig. 2. (color online) The squeezing spectrum with different Coulomb coupling strength A when g, = 10 mW, T} =2 mK, 75> = 3 mK. (a) A = 0; (b)

A =0.25; ©) A =0.50; (d) A = Ay (A9 = 7 x 107 Hz/m?).

at the frequency @ = my, in the absence of the Coulomb in-
teraction (A = 0), and the single peak is split into two peaks
in the presence of the Coulomb coupling. This is due to the
fact that an additional hybrid energy level is introduced into
the original three-level system by the Coulomb coupling be-
tween the external NMO and the optomechanical resonator,
which is quite different from Ref. [38]. The introduction of
Coulomb coupling also leads to a split in the OMIT window, as
reported in Ref. [39]. Moreover, the two points @, g with opti-
mal squeezing are further and further apart with the increase of
A. For example, @ ) = 0.93@(1.060,),0.860n(1.120,),
and 0.7l (1.230y,) for the case of A = 0.2540,0.54¢, and
A = Ay, respectively. Obviously, the separation d = Wr — @L
is 0.52m,, when A = Ay, which is about twice of that in the
case of A = 0.5Ay. In order to further explore the influence of
Coulomb interaction on the separation d, we plot d as a func-
tion of the coupling strength A (units of Ay = 7 x 10’ Hz/m?)
in Fig. 3, where the separation d almost linearly increases with
A within the regime A = {0,1.640}. This indicates the possi-
bility to detect the Coulomb coupling strength between NMO;
and NMO; by measuring the separation d in the squeezing
spectrum of the output field. We also find that the degree of
squeezing at point @ = @ (@R ) increases (decreases) with the
Coulomb coupling strength.

Then we show the effect of the power of pump field on the
degree of squeezing in Fig. 4. Comparing Fig. 2(c) and Fig. 4,
we can find that the degree of squeezing is enhanced with in-
creasing power of pump field, while there is no effect on the

separation of the two optimal squeezing points. This is due to
the fact that a larger power will input more photons which will
effectively overcome the effects of the thermal noise.

0.8

0.6

d/wy,

0.4+

0.2

0 0.5 1.0 1.5
Ao

Fig. 3. (color online) Separation between two optimal squeezing points
as a function of the Coulomb coupling strength A (units of Ay = 7w X
107 Hz/m?) when g, = 10 mW, 7} =2 mK, and 7> = 3 mK.

Finally, we consider the ponderomotive squeezing with
non-identical NMOs since the two identical NMOs consid-
ered above are theoretically simplified but rarely existing ex-
perimentally. For two charged NMOs with different frequen-
cies, as plotted in Fig. 5, where we have set the frequencies
of NMOs @) = 0 £0.1 x 27 x 107 Hz and @ = @y F0.1 x
27 x 107 Hz, the degree of squeezing at the optimal squeez-
ing points changes with respect to the case of identical NMOs.
That is to say, the degree of squeezing at frequency @ de-
creases while the degree of squeezing at frequency wg is en-
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hanced in case of @; > @y, as seen in Fig. 5(a), but the opposite
changes in degree of squeezing at these two points take place
in case of @ < @y, as shown in Fig. 5(b). Thus, this provides
us a good method for controlling the degree of squeezing and
finding the optimal squeezing.
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Fig. 4. (color online) Squeezing spectrum with different power of the

pump field when A = 0.54, i =2 mK, 7> = 3 mK. (a) 4, = 5 mW;
(b) 2, = 15 mW.
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Fig. 5. (color online) The squeezing spectrum with different frequen-
cies of NMOs when A = 0.52¢, 2, = 10 mW, T} =2 mK, 75> = 3 mK.
(@) ® = O +0.1 x 27 x 107 Hz, 0, = 0y — 0.1 x 27t x 107 Hz; (b)
®] = Oy — 0.1 x 27 x 107 Hz, @ = @, +0.1 x 27 x 107 Hz.

4. Conclusion

In conclusion, we analyzed the properties of the pon-

deromotive squeezing in an optomechanical system with two

charged NMOs. We show that a squeezed light can be achiev-

able in this system due to the introduction of Coulomb inter-
action between two NMOs. We also find that the degree of
squeezing can be flexibly controlled by adjusting the Coulomb

coupling strength, the laser power, and the frequencies of the

two NMOs. In addition, we demonstrate the splitting of the

two optimal squeezing points varies near linearly with the

Coulomb interaction, which might be applied to measure the

Coulomb coupling strength.
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