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Abstract. To control, manipulate and read-out nanomechanical resonators is of great

significance for many applications. In this work, we start by constructing a nonlinear

dynamical model that is deduced from the fundamental beam, photon-electron

interaction and energy band theories, with the aim to describe a complicated cavity-less

optomechanical coupling process. Based on the established model, the manipulation on

resonator’s response including soften and hardening effect due to laser injection is firstly

revealed. Taking the form of the laser parametric driving, the controlling on resonator’s

dynamics, in particular the nonlinear regime, is comprehensively investigated. It is

found that both the laser power and frequency can be used for direct manipulating the

NEMS resonator’s dynamics, such as amplitude amplification, periodicity changing

and periodic-chaotic state conversion. Bifurcation diagrams are given subsequently

manifesting a deterministic dynamics evolving route. Finally, the controlling on chaotic

states of the nanomechanical resonator using laser parametric driving is specially

studied. The Max lyapunov Exponents together with time series calculation show that

the chaotic states can be controlled at a few certain frequency points of the injecting

laser. The work not only provides the guidance for using laser to control nanoscale

resonators, but also sheds light in exploring novel applications based on nonlinear

NEMS resonators.

Keywords : Optomechanical coupling, Optical absorption, Chaos, Parametric,

Bifurcation

1. Introduction

Nano-Electromechanical System (NEMS) resonators, well known for their extremely

high frequencies, high mechanical responsivity and large quality factors[1], are widely

used in highly efficient/low-noise transducers[2] and ultra-sensitive sensors[3]. In

contrast to their MEMS counterparts, they inherently exhibit rich nonlinear dynamics

including chaos and bifurcation[4][5]. Currently, NEMS resonators are deeply
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2

participating in the development of nano-opto-electro-mechanical systems (NOEMS)[6],

expanding their applications further to the fields of quantum-limited measurement[7],

optomechanical entanglement[8], multi-physics interfaces[9], optofluidics sensors[10],

etc. As the electromechanical systems are miniaturized continuously, to control,

manipulate and readout of the mechanical motion becomes increasingly changeable.

Traditionally, parametric effect utilizing capacitive and piezoelectric means to modulate

the spring constant of the NEMS resonator are adopted[11][12]. In cavity-

optomechanics, self-feedback originated from the pressure or photothermal backaction

onto the mechanical resonator is employed to cool and amplify the mechanical

motion[13]. Though highly tunable control of a single nanomechanical resonator can

be achieved, there are roadblocks in applying these methods to a broader scope which

mainly includes integrated nanomechanical systems such as nanomechanical circuits

and sensor arrays[14][15]. Recently, a cavity-less optomechanical coupling scheme is

experimentally realized in III-V semiconductor micro-mechanical systems, which sheds

light in the development of functional integrated optomechanical devices[16]. In their

work, a GaAs-based heterostructure cantilever is fabricated, and by taking the advantage

of opto-piezoelectric backaction, the self-feedback cooling and amplification of the

thermomechanical motion can be realized through detuning the photon energy from the

exciton resonance. However, the study is still restricted in the linear regime, aiming at

micro-single-clamped cantilevers. The double-clamped nonmechanical resonators that

are characterised by exhibiting complicated nonlinear dynamics, as stated earlier, are

beyond the scope of the research. It is known that the nonlinear behaviors produced

by NEMS resonators play an important role in device and system operation. To control

and/or utilize these behaviours with an efficient way is of great significance for many

practical applications[17][18][19][20].

In this work, we start with the dynamical model of a double-clamped NEMS

resonator using Euler-Bernoulli beam theory. Then, we, in depth, develop the

calculation process of optical absorption rate in a cavity-less optomechanical coupling

scenario based on the Fermi-Golden rule, and by determining the relationship between

the absorption rate and the tensile stress produced in the beam due to optopiezoelectric

effect, a multi-physical dynamical model that incorporates optical, mechanical and

electrical mode is for the first time constructed. Based the constructed model, it

is revealed that the laser injection can bring softening and hardening effect to the

NEMS resonator fabricated with different orientated-GaAs material. Furthermore, the

parametric manipulation of the NEMS resonator using laser is investigated. Both the

laser power and frequency are found to have a direct impact on affecting the nonlinear

dynamics of the resonator, with both the bifurcation phenomenon having chaos and

amplitude amplification revealed, which has huge potential in future optical control,

readout and manipulation of the NEMS resonators. Finally, we focus on chaos control

by using parametric laser driving. A few certain frequencies of pumping laser are

proved to be effective in converting chaotic state of NEMS resonator into periodical

states. Our work lays foundation for exploring novel optical-NEMS based applications
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3

Figure 1. (a) Schematic diagram of the GaAs resonator with laser modulation.

(b) Energy band diagram of GaAs resonator with light generated electron-hole pairs

appeared to be separated by built-in field.

that, in particular, involves nonlinear dynamics, and also sheds light in developing

integrated means for reading out, controlling and manipulating the weak signals of

NEMS resonators.

2. Theory and Model

The nanoelectromechanical resonator we study in this work is schematically shown in

Fig. 1 (a). It mainly consists a doubly-clamped GaAs beam, of which about one thirds

the whole thickness is N-type (Si) doped, and the rest is intrinsic. In such a structure,

the Si doping and the pinning of the Fermi level can induce a built-in field in the direction

perpendicular to the surface as shown in Fig. 1(b). When there is a laser focused on

the beam, many electrons and holes are expected to appear in the N-GaAs layer due

to the optical absorption, and these electron-hole pairs are separated by the built-in

field. Because of the nonzero piezoelectric constant (D 6= 0) in the GaAs materials,

the optopiezoelectric effect arises as indicated by the black arrow in Fig. 1 (a). Note

that the direction of the piezoelectric effect, represented by the T1, is reversed between

the [110] and [1̄10] orientated GaAs beam. The T1, therefore, is tensile or compressive,

which plays an essential role in manipulating and controlling the dynamics of the NEMS

resonator as described later. The electromechanical driving force for the resonator is

applied through an AC and DC gate voltage, i.e., Vdc +Vac, where Vac is with frequency

ωd. The dynamical model for the resonator is given by:

EI
∂4W

∂x4
+ ρA

∂2W

∂t2
+ cẆ −

T0 + T1 +
EA

2L

∫ L

0

(
∂W

∂x

)2

dx

 ∂2W
∂x2

(1)

= FE

where W is the displacement of the beam in z-direction, E is Youngs modulus, I is the

area moment of inertia, ρ is the density, A is the cross-sectional area, L is the length of

the resonator beam, FE is distributed force applied on the beam, which can be expressed

as:
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FE = − πεV 2(t)

(W (x, t) + d)
[
ln
(
4W (x,t)+d

r

)]2
≈ −2πεVdcVaccos(ωdt)

h
(
ln4d

r

)2 = F0cos(ωdt) (2)

where ε is the dielectric constant of the gaseous medium surrounding the resonator,

d is the initial distance between the beam and the gate. For deriving Eq. (2), the

approximation is made based on the assumption that the displacement of the beam

is much smaller than the gap d. In addition, only the harmonic term 2VdcVaccos(ωdt)

contributing to the force is kept, with the static and not resonant terms omitted. The

omitted terms, together with fabrication imperfections, link to the initial tension in

the beam, and correspondingly we incorporate an initial term T0 into the dynamical

model described by Eq. (1). The damping ratio c = −(πPd)/(4vT ), where P is the

air pressure and vT =
√
kBTk/m represents the air molecule velocity at temperature

Tk, with kB and m denoting the Boltzmann constant and the molecular mass of air,

respectively. In order to conduct a numerical analysis based on Eq. (1), the well-

known Galerkin’s method[21] can be employed. Specifically, the displacement W (x, t)

can be written as: W (x, t) = z(t)φ(x), where φ(x) = (2/3)1/2[1 − cos(2πx/L)] and

z(t) are the deflection eigenmode and displacement at the center point of the beam,

respectively. φ(x) satisfies the boundary condition: φ(0) = φ(L) = φ
′′
(0) = φ

′′
(L). By

substituting W (x, t) = z(t)φ(x) into Eq. (1), multiplying φ(x) on both side of Eq. (1)

and then integrating the equation from 0 to L, the dynamical equation describing the

displacement of the beam can be obtained:(
ρAL+

4π2

3L
ρI

)
z̈ + cLż +

(
EI

16π4

3L3
+ (T0 + T1)

4π2

3L

)
z

+
EA

2L

(
16π4

9L2

)
z3 =

−2πεVdcVac
h(ln(4h/d))2

√
2/3Lcos(ωdt) (3)

During the process for deriving Eq. 3, the following integrals are used:∫ L

0
(d2φ/dx2)2dx =

16π4

3L3
;
∫ L

0
φ2dx = L;

∫ L

0
(dφ/dx)2dx =

4π2

3L
;
∫ L

0
φdx =

√
2

3
L (4)

Before further conducting the numerical analysis of Eq. (3), one has to also clarify the

term T1. As discussed above, it is closely related to the optical absorption, and thus

the optical transitions rate of the GaAs needs to be firstly considered. According to the

Fermi’s golden rule[22], the optical transitions rate W↑(
−→
k i), representing the transition

rate of an electron from the initial state in valance band to a state in the conduction

band in the presence of electromagnetic radiation, is given by:

W↑(
−→
k i) =

2π

h̄

(
qA0

2m

)2

|−̂→p cv · n̂|2δ(Ec(
−→
k i)− Ev(

−→
k i)− h̄ω) (5)
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5

where h̄ is Plank constant divided by 2π, q is the charge of an electron, and A0 is the

amplitude of vector potential
−→
A (−→r , t) which is used for defining electric and magnetic

field of electromagnetic radiation. The |−̂→p cv · n̂|2 is squared momentum matrix element,

which depends on the electron wavevector
−→
k i and the polarization direction of the

electromagnetic wave. In the delta function, Ec(
−→
k i) and Ev(

−→
k i) are energy of an

electron with a particular wavenumber
−→
k i in the conduction band and valance band,

respectively, and they have a energy gap h̄ω corresponding to a photon energy. Based

on Eq. (5), it is straightforward to have the transitions happening per unit volume of

the material per second, which can be expressed, as:

R↑ =
2

V
×
∑
−→
k i

W↑(
−→
k i)fv(

−→
k i)[(1− fc

−→
k i)] (6)

where the fv(
−→
k i) and (1 − fc

−→
k i) represent the probability of a electron and hole in

valance band and conduction band, with fv(c) denoting Fermi-Dirac probability function.

The summation term in Eq. (6) can be written into the integral form covering all the

wavenumbers in the first Brillouin zone (FBZ), i.e.,
∑
−→
k i

→
∫
FBZ d

3−→k i/(2π)3, and the

Eq. (6) can be specifically written as, :

R↑(ω) =
2π

h̄

(
qA0

2m

)2 〈
|−̂→p cv · n̂|2

〉
×2

∫
FBZ

d3
−→
k i

(2π)3
fv(
−→
k i)[(1− fc

−→
k i)δ(Ec(

−→
k i)− Ev(

−→
k i)− h̄ω) (7)

, in which |−̂→p cv · n̂|2 has been replaced by its average value, and can be pulled out

from the integral. In most bulk III-V semiconductors with cubic symmetry the average

value
〈
|−̂→p cv · n̂|2

〉
does not depend on the polarization direction of the electromagnetic

wave. In Eq. (7), mr is the reduced mass and defined by: 1/mr = 1/me + 1/mh,

where me and mh are effective mass of an electron and hole, respectively. Likewise, the

stimulated emission in the GaAs can also be obtained, as:

R↓(ω) =
2π

h̄

(
qA0

2m

)2 〈
|−̂→p cv · n̂|2

〉
×2

∫
FBZ

d3
−→
k i

(2π)3
fc(
−→
k i)[(1− fv

−→
k i)δ(Ec(

−→
k i)− Ev(

−→
k i)− h̄ω) (8)

If we consider a semiconductor in which the conduction band and valence band energy

dispersions are given by Ec(
−→
k ) = Ec + h̄2k2/(2me) and Ev(

−→
k ) = Ev − h̄2k2/(2mh), the

net photon absorption rate is obtained as:

α(ω) =
R↑(ω)−R↓(ω)

np
c
nM
g

=
(
q

m

)2 ( π

εnωc

)〈
|−̂→p cv · n̂|2

〉 1

2π2

(
2mr

h̄2

)3/2√
h̄ω − Eg

×
[
fv

(
Ev − (h̄ω − Eg)

mr

mh

)
− fc

(
Ec + (h̄ω − Eg)

mr

me

)]
(9)
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6

where c/nMg is the velocity of the photons with c and nMg representing the velocity

of light and the refractive index of GaAs, respectively, np is number of photons per

unit volume, i.e., photon density, which is related with vector potential by np =

(1/2)(ω2/h̄ω)nnMg ε0|
−→
A 0|2.

With having the net absorption rate, the rate of carrier generation in the N-GaAs

layer is given by:

Geh =
Pexλex
c1

(1− e−α(ω)t1) (10)

where Pex and λex are power and wavelength of injecting laser, respectively. c1 is

constant and t1 is the thickness of N-CaAs layer. The number of generated electron-hole

pairs are decided by the rate equation:

dn

dt
= Geh −

neh
τ

(11)

where τ is the nonradiative recombination lifetime. Last, the indced optopiezoelectric

force T1 = nehD, where D is the piezoelectric constant. Note that in the above analysis

we mainly adopt the classical approach to deal with it, i.e., opto-electromechanical

coupling. The phonon interaction does exist. During the vibration of beam, the strain

can modulate the band structure to some extent, the so-called deformation potentials,

due to which the band gap would change somehow and further affect the absorption rate.

However, in our following simulations, the strain induced by the vibration is relatively

small, under which the deformation potential generated could not bring an obvious

change to the band gap and its related absorption rate as well as generated electron-

hole pairs. In addition, the sample heating by laser irradiation is experimentally found

to be negligible[23], and it is not considered in this study.

3. Numerical Analysis

Combining Eqs. (3-11), the interplay between injecting laser and the dynamics of the

resonator is investigated in this section. During the following simulations, T = ω0t

and Z = z/d are used throughout for normalizing. First, the bandstructure of GaAs

taking spin-orbit interaction into account are calculated by using k · p theory[24]. The

result is shown in Fig. 2 (a), where the Γ-X direction is plotted along the positive axis

while the Γ-L direction is plotted along the negative axis. The energy gap Eg at the Γ

point between valance and conduction band decides the optical absorption. The result

of laser-induced tension, T1, calculated using Eqs. (9-11), is presented in Fig. 2 (b), in

which how the values of tension T1 changes with light power Pex and wavelength λex,

varying in [1 100]nW and [690 1200]nm, respectively, are given. One can see that the

T1 is increased with light power linearly but peaked at about λ = 840nm corresponding

to the absorption edge of N-GaAs. Other parameters used are summarized in Table 1,

and they are kept constant in the following simulations unless specifically indicated.
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Table 1. Parameters taken for numerical analysis.

Mechanical Values Optical Values

L/W 3×103/150 nm r0 2 nm

t1/t2 20/40 nm h̄ 6.626× 10−34 J · s
E 85.5× 109 Pa D −1.35× 10−12 C/N

d 200 nm τ 1.6× 10−7 s

ρ 5332 kg/m3 Eg 1.424 eV

m0 5.6× 10−24 kg me/mh 0.067/0.45 · 9.11× 10−32 kg

T0 3× 10−9 nN nMg 3.9476

0.5 1 1.5 2 2.5 3 3.5
|k|/pi

-14

-12

-10

-8

-6

-4

-2

0

2

E
ne

rg
y 

(e
V

)

(a)

Figure 2. (a) Bandstructure of GaAs taking spin-orbit interaction into account

calculated by using k·p theory, in which the red arrow indicates the energy gap

corresponding to the optical absorption. (b) Laser-induced tension T1 calculated with

varying laser power and wavelength.

3.1. Softening and Hardening Effect

When the applied voltage is relatively low, e.g., Vdc = Vac = 5 V, that the resonator

oscillates in periodical state, the impacts on intrinsic dynamics made by the focused

laser are studied. Typical results reflecting the softening and hardening effect due to

laser are given. It is shown in Fig. 3 that in [110] and [1̄10] orientated GaAs beam,

respectively, the intrinsic dynamics can be further tuned into hardening resonance and

softening response using low-powered laser (≈ 2.48µW ). In fact, a wide tunability of

the resonant frequency can be achieved, though only partial results are present here.
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Figure 3. Softening and hardening effect in GaAs resonator brought by laser

irradiation. The red and blue curve corresponding to [110] and [1̄10] orientated beam.

3.2. Parametric Driving Effect

Parametric driving is widely used in signal processing with nanoscale devices. Here,

we study how an external laser can be employed for modulating the dynamics of CaAs

NEMS resonator. In this study, the power of the injecting laser is applied in the form:

Pex = Pex0sin(wpt), with the amplitude Pex0 fixed at 1.24 µW and the frequency wp
varied in [1 5]ω0, where the ω0 is the natural frequency of the resonator. The laser beam

is focused on the center of the resonator beam. The driving voltage Vdc and Vac are

all set to be 5 V. The driving frequency ωd is swept in the range of [0.8 1.2]ω0. Other

parameters are adopted according to Table. 1. First, the amplitudes of the resonator

are calculated under different parametric driving frequency as shown in Fig. 4 (a-c). It

is found that the amplitude of resonator exhibits complicated performance. Specifically,

in Fig. 4 (a), when wp ∈[1 1.6]ω0, the amplitudes are not smoothly increased but with

ups and downs, different from the case without parametric driving when the driving

frequency ωd is located in the range of [0.8 1.05]ω0. This is attributed to the modulating

effect brought by parameter driving. However, when the parametric driving frequency

is relatively larger than ω0, i.e., wp ∈[4 4.6]ω0, there seems no modulating effect existing

anymore. The result is shown in Fig. 4 (c). It can be concluded that only when the

parametric driving is applied during the intrinsic period of GaAs resonator, the laser

parametric driving can exsert an obvious effect. Now, let us study the case when wp ∈[2

2.6]ω0 as shown in Fig. 4 (b), where it is shown that the amplitudes of GaAs resonator

are amplified. This is, to some extent, consisted with result that periodic modulation of

the spring constant of the system at twice its fundamental resonance frequency can have

an apparent amplitude increase[25]. To further illustrate the modulating and amplifying

effect made by laser parameter driving, the bifurcation diagram of amplitude versus wp
is given in Fig. 5. It is clearly shown that there are three regions can be categorized.

The first is located when wp∈ [1.5 1.9], in which the parametric driving fluctuates the

intrinsic response. The second lies in wp∈ [2 2.3]ω0, in which the amplitude is mostly

amplified. In the third region, the amplitude of the GaAs is without obvious changes.
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Figure 4. Resonances performance in terms of amplitude of GaAs driven by

parametrical laser at different frequency. (a) wp ∈[1 1.6]ω0; (b) wp ∈[2 2.6]ω0; (c)

wp ∈[4 4.6]ω0.

Figure 5. Amplitudes bifurcation diagram with parametric driving frequency wp

varied in the range of [1.5 3]ω0 and the amplitude Pex0 fixed at 1.24 µW.

The red solid line in Fig. 5 indicates the mean values of the amplitudes. There is

one drop point in the region 2. The reason for this is that in the region the resonator

vibrational amplitude can be amplified to some extent. The amplification or so-called

the gain is actually the nonlinear function of external driving phase φ, external driving

strength F0 and parametric driving frequency wp, and particularly sensitive with the φ.

For φ = 0, the gain could reach minimum at some point as wp varying[26]. Note that

during the calculation of results in Fig. 5, the electromechanical driving is fixed, i.e.,

Vdc = Vac = 5 V and ωd=ω0. In addition, typical results of time series of the GaAs

resonator are further given in Fig. 6, proving the modulating effect reflected in above

analysis. In Fig. 6 (a-d), the time series versus time T when wp = 1.52ω0, wp = 1.88ω0,

wp = 2.27ω0, and wp = 3ω0 are plotted, and these results manifests the modulating and

amplifying effect brought by laser in Fig. 4 and 5, respectively.

In Fig. 7, we further characterize the modulation effect of parametric driving

by fixing the parametric driving frequency wp = 2.12ω0. The parametric driving
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Figure 6. The calculation of time series versus time when parametric driving

frequency wp = 1.52ω0 in (a), wp = 1.88ω0 in (b), wp = 2.27ω0 in (c), and wp = 3ω0

in (d).

amplitudes are gradually increased from 0.1× 1.24 µW to 60× 1.24 µW, 1 and 60

are two boundary values of the ratio range. By recording the peak values of the

resonator, the bifurcation of amplitude versus ratio is given. It is shown in Fig. 7 (a)

that the amplitudes exhibit a rich dynamical phenomenon that include period-doubling

transition, period-chaos transition, chaos-period transition, etc. Though the bifurcation

diagram of MEMS/NEMS resonators are not rarely seen in other reports[4][5], the

bifurcation induced by laser through the form of cavity-less parametric driving is, to

our best of knowledge, firstly reported. The results have the significance in terms of

controlling and utilization of various dynamical states in NEMS resonator by touchless

means. Similar result is also present in Fig. 7 (b), where the frequency of parametric

driving is fixed at wp = 2.75ω0. One can see the bifurcation phenomenon is again

appeared. Detailed description is omitted here.

With the aim to know how the dynamics of the NEMS resonator behaves under

the changing of three parameters, i.e., wp, Pex0 and ωd, a more detailed amplitude

investigation is implemented. The results are given, respectively, in Fig. 8. It is seen

in Fig. 8 (a) the amplitudes of the resonator are obliviously larger at ωd = 1 (see the

right side of Fig. 8 (a)), and as the driving amplitude increases there are local brighter

regions appearing due to the co-working mechanism between driving strength Pex0 and

ωd. From the left side of the Fig. 8 (a), the brighter region concentrated at wp ≈ 2ω0.

This is actually consisted with Fig. 5, at which moment the parametric driving plays

an amplifying effect. One also can see from the left side of Fig. 8 (a) that as the driving

strength goes up the amplitude is getting larger, particularly when wp ≈ 2ω0. The

largest amplitude of resonator is peaked at the intersection between surface wp = 2.1ω0

and surface ωd = 1.09ω0. To provide a clearer picture, three slices taken from Fig.

8 (a) are presented in Fig. 8 (b). One can see that all the considered parameters

wp, ωd and Pex0 play an important role in modulating the dynamics of the resonator.

Specifically, the ωd decides the occurrence of resonance. The wp is directly related to the
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Figure 7. (a) Bifurcation diagram of GaAs resonator with parametric driving

amplitude Pex0 varied in the range 0.1× 1.24 µW to 60× 1.24 µW and the driving

frequency wp = 2.12ω0. (b) Bifurcation diagram of GaAs resonator with parametric

driving amplitude Pex0 varied in the range 0.1× 1.24 µW to 60× 1.24 µW and the

driving frequency wp = 2.75ω0.

amplification effect brought by laser parametric driving. The driving strength in terms

of Pex0 can enhance the parametric driving effect. In Fig. 8 (b), the slice of ωd = 1.09ω0

confirms the statement, in which a ”tongue” shape appears when wp varies around 2ω0.

3.3. Chaos Control

In this section, we consider the case when the NEMS resonator oscillates in chaotic

state as shown in Fig. 9 (a), which can be reached by increasing the driving voltage Vdc
and vac to 25 V. When the parametric driving Pex = Pex0sin(wpt) is applied with the

amplitude of laser power Pex0 fixed as low as 24.8 nW, the chaotic state can be converted

into periodic state, as shown in Fig. 9 (b-d), where parametric driving frequency are

set as wp = 0.9ω0, wp = 3.8ω0 and wp = 4.4ω0. It is shown that the chaotic time series

are modulated into periodical shapes. The Max lyapunov Exponent (MLE) is always

used for characterizing the dynamical state in nonlinear systems[27]. It is chaotic when

MLE is positive, and vice versa. To confirm the results in Fig. 9, the MLE is calculated

with wp varying in the range of [0.5 10]ω0 as shown in Fig. 10.

It is revealed that at a few points, including the special points selected by Fig. 9,

the MLE of our considered nonlinear system is plunged into negative values, proving
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Figure 8. (a) The amplitude of GaAs resonator changes with parameters wp, ωd

and Pex0 varied. (b) Three slices corresponding to ωd = 0.98ω0, ωd = 1.09ω0 and

ωd = 1.2ω0 are taken from Fig. 8 (a).
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Figure 9. The chaotic state in (a), and parametric control using parametric laser

driving with wp = 0.9ω0 in (b), wp = 3.8ω0 in (c) and wp = 4.4ω0 in (d).

the chaos control effect attributed to parametric driving.

4. Conclusion

The nonlinear model for describing the dynamics of cavity-less opto-nanomechanical

dynamical coupling process is constructed for the first time, which lays the foundation for
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Figure 10. Max lyapunov Exponents (MLE) calculated with parametric laser driving

frequency varying in the range of [0.5 10]ω0. The blue line is zero standard line.

further investigating unknown physics, particularly the nonlinear dynamics, behind the

optomechanical systems/devices developed with cavity-less opto-mechanical coupling

mechanism. Detailed numerical simulation shows that the laser injection can make

an appealing effect in controlling and modulating the tiny NEMS resonators. Apart

from the softening and hardening effect brought by laser, richer NEMS resonator

dynamic response including variety of bifurcations can be achieved through applying

laser parametric driving. Compared with conventional means such as capacitive and

piezoelectric ways for changing the spring constant of resonator, the results revealed here

prove that cavity-less laser manipulation works in a broader dynamical range extending

into chaotic state, etc. The work sheds the light in developing novel NOEMS, and can

also be employed for reading out with ultra-sensitively and manipulating the NEMS

resonators.
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