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ABSTRACT An intensity-modulated HeNe-laser beam was
utilized to optically actuate the mechanical resonance of
a macroscopic torsional silicon oscillator (fy = 67700 Hz,
Q0 =42100 at p = 1 mbar and T = 300K). Both radiation
pressure and photothermal effects may cause optical actuation
of a mechanical device. Both excitation effects were studied.
In actuation through radiation pressure, the actuating laser
beam was focused on the high-reflectivity-coated oscillator
surface. In the case where the intensity-modulated laser beam
was incident on the uncoated silicon surface the photother-
mal effect was shown to be the dominating excitation factor.
Oscillation amplitudes due to the actuation through radia-
tion pressure and photothermal effects were Ax;,g = 1.4 pm
and Axp, = 4.3 pm with the same optical power of 1.5mW.
The measured resonance frequency and quality value were
not changed when purely mechanical and radiation pressure
actuation mechanisms were compared. With photothermal ac-
tuation the absorbed optical power heats the oscillator, intro-
ducing a slight decrease in the resonance frequency. Our ex-
periments demonstrate that optical actuation combined with
sensitive optical interferometric measurements can be utilized
to perform dynamic vibration analysis of micromechanical
components. Prospects of using micromechanical devices for
observing extremely weak external forces are discussed.

PACS 78.70.-g; 07.60.Ly; 07.10.Cm

1 Introduction

Optical actuation of mechanical components has
been widely studied during recent years [1-3]. Lasers and
consequent radiation pressure have been used, e.g. in opti-
cal levitation of small particles [4] and in laser cooling and
trapping of atoms and molecules [5, 6]. Moreover, radiation
pressure has been utilized in cooling of macroscopic objects
such as vibrational modes of movable mirrors of optical cavi-
ties [7-9]. In cold damping a viscous feedback force is used to
freeze the mirror motion by applying an additional radiation
pressure on the oscillating mirror [8, 9]. Another possibility
is to produce squeezed states of the thermal noise by using
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parametric amplification in which one quadrature of the ther-
mal noise is cooled at the expense of the other, i.e. the other
quadrature is heated [10]. It has been discussed how sensi-
tivities of interferometric measurements can be increased by
reducing the quantum back action noise [11]. In the quan-
tum locking technique, an active feedback control locks the
moving mirror with respect to the position of another less
noisy reference mirror and the radiation pressure noise in the
interferometer can be reduced.

The subject of using optical coupling to the mechanical
oscillator for observing fundamental quantum-mechanical ef-
fects is some tens of years old. One example is the observation
of macroscopic superpositions of a mirror in an optomechan-
ical system through interaction of photons with a microme-
chanical oscillator mirror as part of a high-finesse cavity [12].
Also, the demonstration of the appearance of the Einstein—
Podolsky—Rosen (EPR) paradox when an optical radiation
field impinges on a movable mirror of an optomechanical sys-
tem has been discussed [13, 14]. Such an experiment would
demonstrate whether radiation pressure can induce quantum-
mechanical entanglement via a macroscopic object, i.e. if the
entanglement can be realized at a distance between two spa-
tially separated subsystems.

An array of optically actuated micromechanical devices
has been proposed to be used in such applications as large-
bandwidth photodetectors, miniaturized spectrum analyzers,
polarization analyzers and even in optical computing [3]. One
interesting aspect of the optical actuation is the possibility to
perform on-wafer testing, analyzing and dynamic measure-
ments of micromechanical components during the fabrication
process. On the other hand, the response of a mechanical os-
cillator can be regulated by applying a force feedback through
the photothermal effect. Such a photothermal feedback offers
possibilities, e.g. to improve the measurement characteristics
in atomic force microscopy [15].

In this work, the interaction of light with a microfabri-
cated high-Q mechanical silicon oscillator is studied. Radi-
ation pressure, i.e. the transfer of the momentum of light,
introduces very weak forces that are typically not sufficient
to produce observable displacements of macroscopic objects.
Therefore, optical actuation is typically applied to very small
devices such as micromechanical cantilevers [16—-19]. The ac-
tuation of micromechanical components is usually realized by
using capacitive coupling or mechanical actuators, e.g. piezo
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transducers or deformable micromembranes [20]. However,
capacitive coupling requires additional electrodes, which are
usually rather strongly coupled to the moving part and affect
the performance of the component under study. The deposition
of additional electrodes and conductors complicates the fabri-
cation process or may even prevent some special component
designs. Electrodes and conductors may increase sensitivity
to electromagnetic disturbances. Piezo actuation is robust and
easy to implement, but actuators are typically much larger in
size compared to the dimensions of micromechanical com-
ponents. Moreover, the bandwidth of the piezo actuators is
typically limited to a few hundred kHz.

Optical actuation is typically provided by laser light. Thus,
a remote and external light source can be used and the excit-
ing force is directly applied to the chosen part of the compo-
nent. The optical actuation method is non-contact in nature,
meaning that it does not degenerate the intrinsic properties or
performance of the measured component. However, optical
actuation requires direct beam access that may not always be
possible but, on the other hand, enables simultaneous inter-
ferometric measurement of the mechanical displacement as
a function of time. In this work, laser light is utilized both
to provide actuation for the mechanical oscillator and as the
interferometric probe beam of an optomechanical sensor to
detect the displacements in the oscillator position.

2 Position of the oscillator in the optical
actuation measurements

2.1 Optical actuation through radiation pressure force

As the laser beam is focused on the oscillator sur-
face, the oscillator is exposed to the mechanical momentum
transferred by the reflected and absorbed photons. The pho-
tons that reflect from the oscillator surface transfer a mechan-
ical momentum pr.q,

h
Drad = 2X cos 0, (D

where £ is Planck’s constant, A is the wavelength of the laser
light used and 6 is the angle of the incident laser beam with
respect to the normal direction. Absorbed photons transfer me-
chanical momentum that is half of the momentum transferred
by the reflected photons. The number of photons 7 incident on
the oscillator surface per unit time can be calculated from the
optical power P = nhc/A. The radiation pressure force Fiaq
applied to the oscillator due to the transferred mechanical
momentum is [16]

P
Fraa = [2R + (1 —R)]nprad=(1+R)—c059, 2
c

where R is the power reflection coefficient of the oscilla-
tor mirror surface and 1 — R is the absorbed fraction of the
incident light. The displacement of the oscillator due to an
external force F(w) is

Ax (w)=|x (w)| F (w)

1
= F(w), (3)

meff\/(w(z) —w?)? + (%)2

where x(w) is the mechanical susceptibility and mg is the
effective mass of the oscillator. At resonance (w = wy), the
displacement Ax,q(wp) due to the modulated monochromatic
radiation pressure force Fiaq(wo) is

AXrag ((1)0) = |X ((,()0)| Frad ((1)0)
0 Prins (wo)
—C
&
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In order to be able to provide a sinusoidal actuation effect
a dc optical power component Py, must be involved. The dc
optical power causes a small static deflection in the oscilla-
tor position, which can be considered as a new equilibrium
position around which the oscillator is vibrating when the
intensity-modulated laser beam is applied. The displacement
due to the constant radiation pressure force Fiq qc 1S

Frad,dc _ (1 + R)Pdc c
k - meffa)(z)c

Axrad,dc = 0s 97 (5)
where k is the spring constant of the torsional oscillation
mode.

Laser light contains intrinsic noise, which is based on the
quantum nature of light. Shot noise of the laser beam arises
from the fluctuations in the number of photons 7, introduc-
ing an uncertainty in the optical measurements through an
additional radiation pressure noise. Because of the Poisson
distribution the standard deviation of the number of photons
is equal to the square root of the mean number of photons in

1
a laser beam, o, = n 2. The square root of the spectral power
density Ssy of the shot noise is

PX he Phc
VSsn =o,hf = e =V o (6)

where Af is the energy per photon. Thus, the shot noise intro-
duces a deviation in the oscillator position Axgn(w):

PhB
Axsn (@) = [x ()| (1 + R) 4/ o cost, @)

where B is the measurement bandwidth.

Besides quantum noise, laser light contains technical in-
tensity noise [21]. According to the specifications of the
HeNe-laser used the spectral density of the technical noise
Siech Of the laser is less than 9 x 1078 W2/Hz at frequencies
below 10 MHz. Thus, the uncertainty in the oscillator position
due to the technical noise of the laser can be estimated to be

(1 + R) kY% SlechB co
c

Axieen (@) = |x (@) s6. ®)

2.2 Measurement of the oscillator position

The Heisenberg uncertainty principle places a fun-
damental limit on the sensitivity in measuring the position of a
free mass [22]. This limit is called the standard quantum limit
(SQL). In measuring the position of a small oscillator with
a mass m at a certain resonance frequency wy, the minimum
detectable displacement Azgqy, is given by [23]

| &
AZSQ]_ = 2ma)0 . (9)
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The laser beam P; that is utilized as an interferometric
probe beam to detect oscillator displacement contains quan-
tum fluctuations in intensity and phase. The laser intensity
noise introduces an oscillator displacement through radiation
pressure, which is referred to as quantum back action of the
measurement. At optical resonance the total optical power P,
circulating inside a low-loss Fabry—Pérot cavity compared to
the incident power P; is given by [24]

P. tity 1—-R F

R U—nny G-k’ 7 "

where ¢ and #, are the amplitude transmission coefficients,
and r, are the amplitude reflection coefficients, R is the power
reflection coefficient of the two cavity mirrors (¢ & #, and
r1 ~ ry) and F is the finesse of the cavity. In other words, the
optical power inside the cavity is enhanced by the finesse and
an estimate for the uncertainty in the oscillator position due
to the quantum back action can be written as

P.hB F
Axqea (@) = [x (@)[ (1 + R),/ e n
cC T

On the other hand, the phase noise of the probe laser beam
leads to an uncertainty in the measurement of the displacement
of the oscillator position [22, 23]. The phase noise corresponds
to the position uncertainty of

(1)

hciB 1

AxpN &~ —.
o P, 4F

12)

The best measurement accuracy is obtained with the op-
tical power that minimizes the sum of the noise terms due to
the quantum back action Axgga () and the measurement un-
certainty Axpy. This optimum power level gives a minimum
uncertainty in the oscillator position measurement which is of
the order of the SQL.

In practical measurements quantum noise is typically
buried under classical noise sources. However, quantum noise
must be carefully considered when realizing optomechanical
systems working at the quantum limit, e.g. when the measure-
ment accuracy is reaching the SQL or in realizing gravitational
wave detectors based on optical interferometry [11, 22, 25—
28]. Thermal noise limits the sensitivity of the measurements
performed with our experimental setup at room temperature.
The thermal noise force Fy, acting on the silicon oscillator is

4kB Tmeffa)()B
Fo= | —————,
0

where kg is the Boltzmann constant and T is the temper-
ature. Oscillator displacement due to the thermal excitation
(Brownian motion) is

4kgT megrawo B
Axi (@) = | (@) ,/%.

2.3

13)

(14)

Optical actuation through photothermal effect

The photothermal effect introduces thermoelastic
fluctuations that arise from heating of the oscillator due to the

absorbed photons from the incident light [25, 28]. Typically,
the laser beam heats the localized spot and the temperature
gradient leads to a deformation and bending of the oscillator
via thermal expansion. In a simple case when a laser beam
is incident on the surface of an absorbing body, a fluctuating
photon number An will induce fluctuations in the tempera-
ture AT and the corresponding displacement Axy, due to the
photothermal effect is [28]
hf An

Axpy = doa AT = do——

) 15
2OV 15)

where d is the thickness of the oscillator, «(T) is the linear
thermal expansion coefficient, p is the density, C(T) is the
specific thermal capacity and V is the volume. The magnitude
of the photothermal effect depends strongly on the ambient
temperature, material parameters, geometric dimensions of
the oscillator structure and spot size and position of the actu-
ating laser beam [16—18]. Moreover, photothermally induced
deflection will become saturated when higher modulation fre-
quency, higher laser power or larger spot size r are used [18].
The thermal relaxation time 7. of the oscillator determines
the critical frequency w, for the response to the optical power
fluctuations [29]:

e = 1_ L (16)
. pCrj

where «1(T) is the thermal conductivity of the oscillator. If
the modulation frequency is high compared to the critical fre-
quency, the oscillator is affected by an averaged temperature
because of the finite thermal time constant associated with
heating.

3 Experimental setup

Our experimental setup (Fig. 1) consists of three
main elements. The first is a torsionally vibrating high-Q me-
chanical oscillator that is the object for the actuating optical
power. A laser beam is modulated by an intensity modula-
tor which is based on a Michelson interferometer. A very
sensitive optomechanical sensor measures the motion of the
actuated silicon oscillator. The high-Q mechanical silicon
oscillator and the optomechanical sensor are discussed in
more detail in Ref. [30].

3.1 High-Q mechanical oscillator

The high-Q mechanical silicon oscillator with a di-
electric high-reflectivity (HR) coating used in this work is
illustrated in Fig. 2. The oscillator is a balanced torsionally
vibrating rectangular silicon vane (1.4 x 2.3 x 0.38 mm?),
which is mounted with narrow bridges to several surround-
ing frames. Oscillators were produced from double-sided-
polished (DSP), (100)-oriented single-crystal silicon wafers
(p-type, 5-10 2cm) by etching from both sides simultane-
ously in a 25% tetra-methyl ammonium hydroxide (TMAH)
solution at 85°C. A thermally grown silicon oxide layer
was used as an etching mask. The oscillator can be con-
sidered to behave like a one-dimensional mechanical har-
monic oscillator in a pure torsional mode. At low pressure
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HR-coated high-Q FIGURE 1 The Hinsch—Couillaud locking and intensity-
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FIGURE 2 Design of a torsional mechanical silicon oscillator used in
this work. The oscillator size is specified by the parameters ¢ = 2.3 mm,
b= 1.4mm, h =200 um, d = 380 um and L = 1.2 mm. Spot sizes of the
actuation and probe beams at the oscillator are Dy = 270 um, D, = 205 um
and Dpp = 186 um

(p < 1073 mbar) the resonance frequency and Q value of the
HR-coated oscillator were measured to be fy = 67707 Hz
and Q = 42100, respectively. The resonance frequency and
Q value make it possible to determine the measurement band-
width B = f,/Q = 1.6 Hz. The effective mass was deter-
mined to be me; = 0.59 mg. The thickness of the oscillator
in our configuration is d = 380 um and is much larger com-
pared to the inverse of the absorption coefficient of silicon at
the HeNe-laser wavelength (y ~ 10° m~") [31]. Thus, prac-
tically no light is transmitted through the oscillator.

In our configuration the angle of the incident actuating
intensity-modulated light beam is 6 = 40° and the power
reflection coefficient of the HR-coated oscillator surface is
R = 0.98. We used HeNe-laser light with maximum optical
power of 1.5 mW. The laser beam was sinusoidally modulated
and the modulation depth was almost 100%. The actuating rms
optical power was determined to be Pp,s = 0.5 mW. By using
Eq. (4) and the numerical values given above, we find that
the theoretical value for the displacement due to the radiation
pressure of 1.5-mW laser light is Axp,q(wo) = 1.0 x 1072 m.

3.2 Intensity modulation

A laser beam was intensity modulated by a
Michelson interferometer. The position of the movable mirror
Axmm can be controlled with a piezo actuator, which is driven

Error signal

Differential
amplifier

with a signal generator. The output intensity of the Michelson
interferometer can be written as

1 A7 AXmm
Iout(Ax):E Ip+Ipcos |\ —— | |,

. a7

where [ is the intensity of the incident light. The piezo ac-
tuator is driven at the level which allows the movable mir-
ror to be displaced one-quarter of the wavelength (Axy, =
0,...,x/4). This gives the output beam a maximum modula-
tion (I, in Fig. 3). An additional dc offset voltage is used to
control the equilibrium position of the movable mirror so that
the modulation takes place in the linear region. The position
of the movable mirror due to the sinusoidal driving signal and
dc offset is

AXpm (1) = %clé [sin(wt) + 2], (18)
where the parameters ¢; and ¢, are related to the modulation
amplitude and the dc offset voltage level, respectively. The
parameter c; is set by adjusting the amplitude of the signal that
drives the piezo actuator, whereas the parameter c¢; is matched
by the dc offset level control. Mathematically, ¢; must be equal
to the inverse of ¢;. The modulated output intensity /y04q(?)
is a close approximation to a pure sinusoidal signal (Fig. 3).

1-

Intensity [a.u.] .

0 Time [a.u.] 1

|[— Imax() — Imod(t) — Isin(t) — Imis(t) |

FIGURE 3 An intensity modulation in a Michelson interferometer gives
a close approximation to a sinusoidal signal. /g, is an ideal sinusoidally
modulated intensity, /max is an actual intensity with maximum modulation
depth, Iimod is @ moderately modulated intensity with the dc level shifted to
the linear region and /nis shows a modulated intensity with a misadjusted dc
offset voltage level
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The curve I, in Fig. 3 shows an ideal sinusoidally modulated
output intensity /,(¢) = (— sin(wgt) + 1)/2. In comparison,
I'nis in Fig. 3 shows a modulated signal with an incorrect dc
offset voltage level and slightly distorted shape.

33 Optomechanical sensor

In order to observe small displacements in the po-
sition of a high-Q mechanical oscillator, a sensitive and low-
noise detection system is required. A convenient detection
can be realized by using optical interferometry, in which a
mechanical oscillator is integrated into the optical resonator
as one of the two mirrors. In our configuration, a HR-coated
silicon oscillator is employed as a planar rear mirror in a
Fabry—Pérot interferometer. Physical oscillations of the me-
chanical oscillator change the interferometer response.

A HeNe laser provides linearly polarized 5-mW optical
power (TEMyy mode) at the wavelength of A = 632.8 nm.
The optical finesse is F = 100 and is limited by the linear
polarizer in the cavity. We use the Hinsch—Couillaud locking
method [32] to provide the error signal for the active stabi-
lization of the optical cavity (Fig. 1). The error signal con-
tains information of dynamic length variations of the optical
cavity. The slope of the error signal at optical resonance was
determined to be 1.5 nm/V by using the known free spectral
range as a length reference.

We have demonstrated earlier [30] that our optomechan-
ical sensor can be used for high-precision sensing applica-
tions. In our case the smallest measurable displacement in
the oscillator position is limited by the thermal noise to the
level Axy, = 1.6 x 107> m at room temperature. However,
the measured noise floor of the interferometer response next
to the oscillator resonance peak indicates that the sensitivity
of the optomechanical sensor is Axpi, = 1.7 x 10~ m. It
can be calculated that Ax,;, could be reached if the ambient
thermal noise is reduced by cooling the oscillator from room
temperature to 7 K, because the oscillator displacement due

. . 1
to the thermal noise scales with T 2.

4 Measurements

4.1 Intensity-modulation measurements

The intensity modulation takes place on a sepa-
rate optical table that is not in direct mechanical contact
with the optomechanical sensor. This is necessary because
otherwise the mechanical motion of the movable mirror
of the Michelson interferometer was mechanically coupled to
the extremely sensitive high-Q oscillator. In order to reveal
the possible unwanted mechanical, acoustic or electrical cou-
pling, the intensity modulator was driven in such a way that
the modulation frequency was swept over the resonance fre-
quency of the mechanical oscillator and the laser beam was
cut after the intensity modulator. Thus, the beam did not hit
the oscillator at all. At the same time, the oscillation ampli-
tude of the mechanical oscillator was detected by monitoring
the error signal with the lock-in amplifier. As shown in the
frequency response in Fig. 4, there was no resonance peak in
the oscillation amplitude and the phase response is random
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FIGURE 4 High-Q oscillator was optically actuated through radiation pres-
sure (rad). In comparison, the resonance was excited mechanically by a piezo
actuator (pzt). The operation of the intensity modulator alone had no measur-
able influence on the mechanical oscillator (beam cut)

throughout the frequency sweep. It was concluded that there
is no excitation due to the operation of the intensity modulator
itself.

4.2 Radiation pressure measurements

The oscillator actuation through radiation pressure
was demonstrated. The measurements were carried out at
a low pressure of p = I mbar because it was evident that
the weak radiation pressure effect would be buried under
the gas damping at the atmospheric pressure. The intensity-
modulated laser beam was guided onto the HR-coated sur-
face of the mechanical silicon oscillator. The beam was fo-
cused by using a single lens with the focal length of 100 mm.
The beam diameter at the oscillator was measured to be
D; = 205 um by using the knife-edge scanning technique.
Due to the off-axis incidence, the spot size at the oscillator
is Dy = 270 um in the y direction and D, = 205 um in the
z direction (Fig. 2). In order to excite the torsional oscilla-
tion mode the laser beam was focused / = 1 mm aside from
the torsion axis of the oscillating vane. The modulation fre-
quency was swept over the mechanical resonance of the oscil-
lator. The oscillation amplitude was measured by monitoring
the error signal with the lock-in amplifier. It was demonstrated
by altering the modulation depth that the radiation pressure
force increases linearly with the applied optical power. Me-
chanical actuation by using a piezo actuator was also applied
and the amplitude of the piezo drive signal was normalized to
give a similar oscillation amplitude as the radiation pressure
actuation (Fig. 4).

The oscillation amplitude due to the radiation pressure was
measured to be Ax,g = 1.4 pm. This value is 40% larger than
the predicted value that was based on the theoretical consider-
ation discussed in Sect. 3.1. At least part of the inaccuracy can
be explained by the difficulties in determining the error signal
slope with high precision, because the peak-to-peak value of
the error signal may drift slightly from one measurement to
another. Another possible reason is related to the contribution
of the photothermal effect and will be discussed in Sect. 4.5.
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According to the radiation pressure measurements, the reso-
nance frequency and the width of the resonance were equal to
those results obtained by mechanically exciting the oscillator
with a piezo actuator. Both actuation methods give equal Q
values of Q = 42 100.

4.3 Photothermal effect measurements

In order to study optical actuation through the pho-
tothermal effect the experimental setup was modified in such
a way that the 1.5-mW intensity-modulated laser beam was
guided on the uncoated back side of the silicon oscillator.
The laser beam was focused approximately 1 mm aside from
the torsion axis in order to introduce an exciting torque for the
torsional oscillation. In this configuration, the incident optical
power of the laser beam was partially absorbed and partially
reflected from the silicon surface. The power reflection co-
efficient of the polished silicon surface for the HeNe-laser
wavelength is Rs; = 0.34 and thus approximately two-thirds
of the incident optical power was absorbed by the oscilla-
tor material. Radiation pressure is still involved but it is now
smaller than with the HR-coated surface.

The modulation frequency was swept over the mechanical
resonance of the oscillator and the frequency response was
stored from the error signal by the lock-in amplifier (Fig. 5).
The oscillation amplitude due to the photothermal effect of
an absorbed intensity-modulated optical power of 1.0mW
was measured to be Axp, = 4.3 pm. The small contribution
of radiation pressure was neglected here. It was noticed by
altering the modulation depth that the photothermal actuation
force increases linearly with the optical power. The result
was compared to the frequency response which was attained
by mechanically exciting the torsional resonance with a piezo
actuator. The frequency responses of oscillation amplitude and
phase are similar in both actuation methods, but the resonance
frequency was decreased by 0.6 Hz when optical actuation
through the photothermal effect was used (Fig. 5). Absorbed
optical power heats the oscillator, which affects the elastic
properties of silicon. The shear modulus of elasticity of silicon
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FIGURE 5 Piezo actuation and photothermal actuation were compared.
The resonance frequency is decreased in photothermal actuation since the
absorbed optical power causes oscillator heating
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FIGURE 6 The resonance frequency depends linearly on the absorbed dc

optical power applied to the piezo-actuated oscillator. Measurements were
done at room temperature and at an air pressure of 1.5 mbar

decreases at higher temperatures [33]. Therefore, the spring
constant k of the torsional oscillation mode reduces as well
and the resonance frequency decreases as wy = (k /m) 2.

4.4 Photothermal effect of the dc optical power

The photothermal effect of the applied optical
power was further studied. A 3.5-mW dc laser beam was
focused on the uncoated back side of the silicon oscillator.
The intensity of the applied linearly polarized laser light was
adjusted by arotating linear polarizer situated in the light path.
Absorbed dc optical power was allowed to heat the oscilla-
tor locally until a steady-state situation and an equilibrium
temperature were reached.

The high-Q oscillator was mechanically excited by a piezo
actuator. Figure 6 shows the results of the measurements in
which the resonance frequency was determined as a func-
tion of the absorbed optical power. The frequency depen-
dence on the absorbed optical power was measured to be
—5.5 ppm/mW, which corresponds to the slope of the lin-
ear fit in Fig. 6. Earlier measurements [30] indicated that the
resonance-frequency dependence on the ambient temperature
is —25 ppm/K. Therefore, it can be calculated that focusing
an additional dc laser beam with an absorbed optical power
of 2.3 mW on the oscillator increases the effective operating
temperature by 0.5 K.

The photothermal heating effect can be utilized, e.g. in
stabilizing the oscillator resonance frequency. The resonance
frequency of a high-Q mechanical oscillator is extremely sen-
sitive to small changes in the physical parameters of the en-
vironment. Therefore, the resonance frequency can be con-
trolled or locked to a certain value very accurately by adjust-
ing the operating temperature with the dc level of the incident
laser power.

4.5 Comparison of radiation pressure
and photothermal effects

Without the HR coating on the silicon oscillator
the photothermal effect introduces the dominating excitation
factor. A high-quality dielectric HR coating guarantees a
very high reflection at the oscillator surface, but even a very
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_ 1o+ +
A)Cph(wo) 43 x 10712 £ 1013 L +
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TABLE 1 Summary of various contributions in the interferometric position 1020 } I } I } ! } |
measurement Axph Ax,, Axpy, AxQBA ‘

Ax rad Ax rad,dc Ax tech Ax SN

small amount of absorbed optical power may cause the weak
radiation pressure effect to be masked under the photothermal
effect. As mentioned in Sect. 4.2, the oscillation amplitude due
to the radiation pressure force was measured to be larger than
the calculated one. However, the difference in the oscillation
amplitudes cannot totally be explained by the photothermal
effect that is introduced by the non-perfect reflection at the HR
coating. The reflectivity of the HR coating is R = 0.98 and
2% of the incident optical power of 1.5 mW is absorbed by the
oscillator. Therefore, in the radiation pressure measurements,
the absorbed optical power would introduce an oscillation
amplitude of 0.13 pm due to the photothermal effect. This
is more than one order of magnitude less than the measured
oscillation amplitude due to the radiation pressure force. This
calculation was made on the basis of the fact that excitation
forces of radiation pressure and photothermal effects increase
linearly with increased optical power when moderate power
levels are used. Moreover, the resonance frequency was
shown to stay unchanged, indicating that the small fraction of
absorbed power does not significantly heat the oscillator. In
conclusion, the photothermal effect contributes only a little
to the optical actuation of the HR-coated oscillator and the
main excitation mechanism is the radiation pressure force.

4.6 Summary of the measurements

The oscillation amplitude depends on various me-
chanical and thermal effects that are related to the intensity-
modulated laser beam, interferometric laser probe beam and
Brownian motion of the oscillator. Oscillator displacements
that were measured with the optomechanical sensor or dis-
cussed on a theoretical basis in this paper are listed in Table 1
and illustrated in Fig. 7. It can be seen that only oscillations
due to the photothermal effect Ax,p, radiation pressure Axraq
and Brownian motion Axy, can be detected within the present
sensitivity of our optomechanical sensor.

5 Discussion

Creating practical and functional applications for
the optical actuation depends on the ability to make use of
very weak forces induced by the optical actuation, especially
provided by the transfer of the electromagnetic momentum
in the radiation pressure effect. Considering our experimen-
tal setup, higher sensitivities can be achieved by increasing
the mechanical Q value of the oscillator or by modifying
the optomechanical sensor to detect smaller displacements in

FIGURE 7 Comparison of oscillation amplitudes as a result of various ex-
citation and noise mechanisms. The dashed line indicates the sensitivity of the
optomechanical sensor used at room temperature, Axmin = 1.7 X 1074 m

the oscillator position. On the other hand, optical actuation
can be enhanced by increasing the optical power of the light
source. The wavelength, material and structural dimensions
used may set limitations for the practical optical power. Very
high optical power may cause the component to suffer or be
damaged due to overheating even if high-quality HR coatings
are used and only a fraction of the incident optical power is
absorbed. Moreover, at very high optical power levels the in-
tensity quantum fluctuations cause radiation pressure noise,
which may lead to significant uncertainty in the oscillator
position in high-precision measurements.

A theoretical discussion presented in Ref. [13] implies
that the EPR paradox could be realized with the present tech-
nology. The discussion in Ref. [13] was based on the ex-
perimental setup described in Ref. [8] and calculations were
done with the reasonable parameter values of oscillator mass
m =3 x 1073 kg, resonance frequency f, = 400kHz, oscil-
lator mechanical quality Q =4 x 10°, finesse F = 37000,
measurement temperature 7 = 4 K and optical power Py =
27mW. If these values are compared to those presented
in our work (meg = 0.59mg, fo = 68kHz, F =100 and
Q = 2.1 x 10° before the HR coating and at T = 4.2K), it
can be seen that the most severe limitation in our configura-
tion is the modest finesse. It is limited by the optical losses in
the intracavity linear polarizer that is required by the Hinsch—
Couillaud locking method. It is evident that by performing
the measurements at cryogenic temperatures, it is possible to
improve the measurement sensitivity of our optomechanical
sensor by several orders of magnitude.

6 Conclusions

It was experimentally shown that the mechanical
resonance of a macroscopic torsionally vibrating high-Q oscil-
lator can be optically actuated by using an intensity-modulated
laser beam with a very moderate optical power of the order of
1.5 mW. Optical actuation happens through radiation pressure
and photothermal effects, both of which were demonstrated.

At low pressure the radiation pressure of the intensity-
modulated laser produced an oscillation amplitude of Ax,,q =
1.4 pm, whereas the oscillation amplitude due to the pho-
tothermal effect was Axp, = 4.3 pm. It was shown that the
observed resonance frequency and Q value were equivalent
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in both radiation pressure and mechanical actuations. In the
photothermal actuation, however, the absorbed optical power
heats the oscillator, introducing a decrease in the resonance
frequency when higher optical powers are used.

Optical actuation allows remote actuation and direct
utilization of optical power without the need of using addi-
tional transducers. It was demonstrated that optical actuation
combined with optical interferometric measurements can be
utilized to perform versatile dynamic vibration analysis of
micromechanical components and in high-precision sensing
applications.
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