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In a non-contact atomic force microscope, based on interferometric cantilever displacement detec-

tion, the optical return loss of the system is tunable via the distance between the fiber end and

the cantilever. We utilize this for tuning the interferometer from a predominant Michelson to a

predominant Fabry-P�erot characteristics and introduce the Fabry-P�erot enhancement factor as a

quantitative measure for multibeam interference in the cavity. This experimentally easily accessible

and adjustable parameter provides a control of the opto-mechanical interaction between the cavity

light field and the cantilever. The quantitative assessment of the light pressure acting on the cantile-

ver oscillating in the cavity via the frequency shift allows an in-situ measurement of the cantilever

stiffness with remarkable precision. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4931702]

A common method for measuring the displacement of a

micro-cantilever or another micro-mechanical device is two

beam interference in a Michelson interferometer using two

mirrors for the superposition of two light beams.1,2 A related

interferometric setup based on multi-beam interference in an

optical cavity is the Fabry-P�erot interferometer typically

used in form of an etalon in spectroscopy, lasers, and optical

telecommunication3 for precise wavelength selection within

a certain free spectral range.4 Conventionally, the Fabry-

P�erot interferometer is characterized by the Finesse F ,

defined as the ratio between the spectral selectivity and the

free spectral range. Both types of interferometers are suitable

for precisely detecting small movements of one of the

involved mirrors.5 If the mirror has a small mass, the light

can influence its movement via opto-mechanical coupling.6–8

The micro-cantilever used for force detection in an

interferometry based non-contact atomic force microscope

(NC-AFM)9 is a lightweight oscillating mirror in a cavity

and, therefore, subject to forces originating from the radia-

tion pressure acting on the cantilever.7 Under conditions of

Fabry-P�erot interference, this yields an optical spring effect,

i.e., an effective cantilever stiffness that is increased or low-

ered depending on the slope of the interference fringe.10,11

Here, we describe some aspects of the resulting opto-

mechanical coupling and its influence on the dynamics of the

cantilever oscillation and demonstrate that a variation of the

optical loss of light in the cavity does not only allow a con-

trol of the interferometer but also an in-situ measurement of

the cantilever stiffness with remarkable precision.

It is important to note that all our experiments are car-

ried out at room temperature and with highly reflective canti-

levers. This implies that the effects of opto-mechanical

coupling reported here are due to photon pressure rather than

bolometric effects,12–14 that dominate if the cantilever has a

low reflectivity.15

Experiments are performed with a NC-AFM microscope

body similar to the one introduced in Ref. 16 in an ultra-high

vacuum environment with a base pressure of 3� 10�11 mbar.

The cleaved end of the optical fiber is positioned above the

cantilever as shown in the photograph of Fig. 1(a) with an in-

ertial stepper motor for coarse approach and a XYZ-tube-

scanning-piezo for fine tuning exactly in the main maximum

of the interference pattern with sub- nm precision. The align-

ment has to be precise to avoid excessive optical loss reduc-

ing or completely quenching Fabry-P�erot interference,

whereas minor misalignment would increase the overall opti-

cal loss over the distance. The interferometer cavity is

formed by the highly reflective back side of the cantilever

and the partially reflecting cleaved end of the optical

fiber. The aluminum coated silicon micro-cantilever used

here (type NCLR, NanoWorld AG Neuchâtel, Switzerland)

has a reflectivity of Rc� 90%, dimensions of l¼ 220 lm,

w¼ 40 lm, t¼ 7 lm, a nominal stiffness of kdim
0 ¼ (54 6 10)

N/m (Refs. 17 and 18), and a measured eigenfrequency of

f0¼ 163 941 Hz at a temperature of 22.9 �C. Determining the

cantilever stiffness from the thermal peak19 yields a value of

kth
0 ¼ (60 6 6) N/m. The stabilized laser light source (48TA-

142037, Sch€afterþKirchhoff GmbH, Hamburg, Germany)

is operated at a wavelength of k¼ 782 nm with the light

power optimized for low noise operation. The power of the

light coupled into the interferometer is optically adjusted by a

variable absorber. The single mode optical fiber with a core

diameter of 4.0 lm (type Hi780, Corning Inc., Corning, New

York, USA) is optimized for transmission of light with the uti-

lized wavelength. The fiber is cleaved with great care to

achieve a measured interface reflectivity of Rf¼ (3.9 6 0.3)%

that is within experimental error identical to the maximum

possible value of 3.84% determined by the index of refraction

of the fiber core material (n¼ 1.48 at 800 nm according to the

data sheet). From the reflectivities, the maximum optical fi-

nesse of the cavity can be determined as F � p
ffiffiffiffiffiffiffiffiffiffi
RcRf

4
p

=
ð1�

ffiffiffiffiffiffiffiffiffiffi
RcRf

p
Þ¼ 1.7. Our cavity design with a strong asymme-

try in reflectivities enables us to operate the system equally

well in the Fabry-P�erot and Michelson modes opposite to
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systems optimized for Fabry-P�erot operation20 or Michelson

operation.21 By reducing the intensity in the reference beam

of the Michelson interferometer while maintaining a high av-

erage reflectivity, we obtain a reasonable cavity finesse for the

Fabry-P�erot mode. As a large fraction of the incident light is

coupled into the cavity, we observe significant opto-

mechanical effects in the Fabry-P�erot mode despite the rela-

tive low finesse.

The incident light intensity is measured at one output of

a 3 dB coupler inserted between the laser and the fiber feed-

ing the interferometer. The optical loss occurring in the feed

line of the fiber to the microscope body has been quantified

to be f f iber
loss ¼ 0.44 for each traversal, that has to be taken into

account for the determination of incident and returning

power. The high loss is mainly occurring in the tightly

wound reserve coil inside the vacuum, containing about 3 m

of fiber for new fiber-end cleaves and repairs. We make sure

that the path length to the interferometer is larger than the

coherence length of the laser to avoid interference in the

connectors.

The optical fiber delivers light with intensity Iinc, while

3.9% of the incident light is reflected at the cleaved end

yielding Iref. The other part is coupled into the cavity and

undergoes multiple reflections. The fraction of light that is

collected by the fiber core from the cavity Icav interferes with

Iref (Fig. 1(b)) to form the signal intensity Isig. As the diame-

ter of the fiber core is about five times the wavelength of the

light, the light intensity distribution is dominated by pinhole

diffraction leading to a diffraction limited aperture opening

angle of 9�. The reflected light has the same divergence so

that the fraction of the collected light is a measure for the

cavity loss. The loss can be adjusted by the distance d
between the fiber end and the cantilever as shown schemati-

cally in the inset of Fig. 2(b). Intensities are determined by

measuring light power Pinc and Psig by an optical power me-

ter (type TQ8210, Advantest, Tokyo, Japan) and taking the

reduction of the values by f f iber
loss into account.

The plot of Psig against the distance between fiber end

and cantilever d shown in Fig. 2(a) yields a characteristic

decrease of the mean returned power Pmean due to the optical

loss increasing with the distance superimposed by oscillations

appearing in the two regimes of predominant Fabry-P�erot and

Michelson interference. The oscillations describe the modula-

tion between intensity maxima Pmax (red) and minima Pmin

(green) yielding the mean intensity Pmean¼ 1
2

Pmax þ PminÞð
(light gray) that asymptotically approaches the power Pref

determined by the fiber end reflectivity Rf. Note, however,

that the oscillation period does not reflect the ratio between

wavelength and cavity length but is caused by aliasing effects

of the coarse fiber positioning stepper having a step size of

400 nm with the fringes of the interferometer appearing every

97.75 nm. The curves for Pmin, Pmax, and Pmean shown in Fig.

2(a) are determined as envelopes of Psig. By fine tuning d with

sub-nm precision with the tube piezo, we avoid missing any

FIG. 1. (a) Photography of the interferometric detection setup in a non-contact atomic force microscope showing the optical fiber, the cantilever, and its sup-

port. The fiber end to cantilever distance d is set to 220 lm to emphasize the cavity formed between the cantilever and the fiber end. (b) Sketch of the optical

fiber supplying the incident beam with intensity Iinc and the internally reflected beam with intensity Iref as well as a beam with intensity Icav created by the opti-

cal field in the optical cavity.

FIG. 2. (a) Signal power (black) with maximum (red), minimum (green),

mean (light gray), and reference beam (dashed line) power as a function of

the distance d between fiber end and cantilever. (b) Fabry-P�erot enhance-

ment factor ~F (black) with model curve for Michelson interference (dashed

red line). Inset sketch of optical losses with arbitrary intensity reflected back

into the fiber core as well as 1/4 and 1/9 thereof.
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maximum or minimum and check the distance calibration

intrinsically provided by the wavelength.

The finesse F is also a measure for the cavity light field

amplification. In an NC-AFM setup, this parameter is diffi-

cult to determine experimentally as well as the absolute

value of the optical loss. Therefore, we introduce a closely

related characteristic property of the interferometer derived

from the measured optical response that is further on referred

to as Fabry-P�erot enhancement factor ~F based on the light

power acting on the cantilever in relation to the power

reflected at the fiber end Pref

~F ¼ Pmax � Pmin

Pref
� e

Pmax�Pmin�2Pref
Pref

� �
: (1)

Note that ~F is based on relative power values of light

returned from the fiber end and the cavity and is, therefore,

not affected by the optical loss in the feed line. This quantity

is extracted from the measurement shown in Fig. 2(a) and

plotted versus d in Fig. 2(b).

For all practical purposes, the enhancement factor ~F
behaves similar to the finesse F , however, it takes the reduc-

tion of the light intensity due to all cavity losses into

account. In case of negligible optical loss (at very small dis-

tances d), ~F approximates F , except for a factor depending

on the fiber end reflectivity Rf

~F ! 1� Rf

Rf

2

p
F þ 1 for d ! 0: (2)

This can be interpreted as a calibration of the light energy

stored in the cavity not against the incoming beam intensity,

but against the reflected beam intensity.

For small d, ~F is larger than 25 clearly indicating pre-

dominant Fabry-P�erot characteristics, as the maximum for

two beam interference of a Michelson interferometer is
~F ¼ 2 as indicated by the red dotted line in Fig. 2(b). This

can be understood by considering an ideal Michelson inter-

ferometer having two equally strong beams interfering with

a modulation depth of M¼ 100%, resulting in Pmax¼ 2Pref

and Pmin¼ 0. This is achieved when the power coupled

back into the fiber from the cavity Pcav is equal to the power

of the reference beam Pref reflected inside the fiber. In the

distance region between the Fabry-P�erot and Michelson

regimes, (d � 110 lm), the interferometric signal is effec-

tively quenched as the signals originating from the FP

mode and the M mode have similar amplitude but 180�

phase shift.

A study of the opto-mechanical coupling in dependence

of the interference conditions is best accomplished by excit-

ing the cantilever to oscillation at its resonance frequency

fres by a piezo element driven at constant excitation voltage

Vexc. As the cantilever oscillates in the spatially sinusoidally

modulated light field of the cavity, the opto-mechanical force

due to the radiation pressure acting on the cantilever7 varies

sinusoidally over the fringe and influences the cantilever dy-

namics resulting in a shift of fres with respect to its eigenfre-

quency f0. The modification of the restoring force of the

cantilever can be described analogue to the one of a pendu-

lum, exhibiting an amplitude dependent frequency shift due

to the sinusoidal variation of the gravity-induced force com-

ponent as a function of pendulum deflection.22

The oscillation amplitude dependent frequency shift is

observed also in our experiments, for instance, in Fig. 3

where the frequency shift df¼ f0 � fres is plotted against the

excitation voltage Vexc for measurements in the two inter-

ferometric regimes of interest. In each measurement, the in-

terferometer is first adjusted to the point of maximum slope

of a positive fringe and then to the maximum slope of a

neighboring negative fringe. At position M (d¼ 210 lm)

representing Michelson dominated interference, the fre-

quency shift is small and equal for both fringes as expected

since the spatial modulation of the light intensity in the cav-

ity is weak. A maximum shift of df 6
M ¼�0.11 Hz is observed

for an excitation voltage Vk=8
exc corresponding to a cantilever

oscillation amplitude of half of the fringe width. In the FP

region (d¼ 20 lm) representing Fabry-P�erot dominated in-

terference, the frequency shift increases to �1.31 Hz for the

negative fringe and to �1.48 Hz for the positive fringe due

to the cavity amplification of the light field interacting with

the cantilever.

The fringe-dependent shift in the resonance frequency

has been observed before and is explained by the different

directions of the optical force gradient.8 The split of the fre-

quency shift for positive and negative fringes is evidence for

light pressure governing the opto-mechanical coupling

between the cantilever and the cavity light. This is expected

as the highly reflective cantilever absorbs only a small frac-

tion of the incident light, yielding negligible bolometric

effects. Our measurements allow a quantification of the light

pressure acting on the cantilever, by adjusting Vexc so that

the oscillation covers exactly one fringe, i.e., an oscillation

amplitude of Ak=8¼ 97.75 nm. The maximum force acting on

the cantilever is reached at a turning point of the oscillation,

and we can relate the maximum opto-mechanical force FO to

the maximum restoring force of the bent cantilever F6

depending on its effective stiffness k6 for the respective

fringe. The ratio between FO and F6 can be derived from the

frequency shift df 6
k=8 corresponding to Vk=8

exc , following the

FIG. 3. Frequency shift df plotted as a function of the cantilever excitation

voltage Vexc for both fringes of Michelson and Fabry-P�erot interferometer

configurations. Strong opto-mechanical interaction is evident in the Fabry-

P�erot regime (black squares and blue triangles) but much weaker in the

Michelson regime (green and magenta triangles).
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derivation outlined in the supplementary material.23 Based on

the formalism describing the maximum frequency shift of

18% observed for the pendulum with 90� deflection,22 we find

FO

F6
¼ kO

k6
� �2

df 6
k=8

f0
1þ 0:18ð Þ2; (3)

where kO is the stiffness contribution due to the opto-

mechanical coupling. As the Fabry-P�erot enhancement factor

of the cavity quantifying the light acting on the cantilever

compared to the reference beam can straightforwardly be

determined and Pref is known, we can calculate the force

exerted by the radiation pressure on the reflective cantilever

FO ¼
1

1� f f iber
loss

� 2Pref

c
� ~F : (4)

Here, we neglect the momentum transferred by photons

absorbed in the cantilever, which is a valid approximation

for a highly reflective cantilever. This allows a straightfor-

ward determination of the effective cantilever stiffness for

positive and negative fringes, respectively,

k6 ¼ F6

FO
� FO � A�1

k=8

¼ � 1

2

f0

df 6
k=8

1þ 0:18ð Þ�2 � 1

1� f f iber
loss

2Pref

c
~F � 8

k
: (5)

For the cantilever used here, the spring constant obtained by this

method in the Michelson regime M is k6
M ¼ 56:161:0 N/m. In

the Fabry-P�erot regime FP, the stiffness is fringe dependent;

and we find kþFP¼ 58:760:6 N/m for the positive fringe and

k�FP¼ 52:060:6 N/m for the negative fringe yielding a

change of 63.3 N/m in the effective spring constant by

the optical spring effect from the mean value of kmean

¼ 55:460:6 N/m. As mechanical and optical force constants

are superimposed linearly, a measurement for both fringes

allows a straightforward calculation of the intrinsic cantile-

ver stiffness as k¼ 1
2

kþ kOþ k� kOÞð ¼ 1
2

kþ þ k�Þ
�

¼ kmean.

The symmetry of the results for positive and negative fringes

is a clear-cut proof that bolometric effects are negligible in

our case and the precision of the measurement is basically

limited by the accuracy in determining the reference light

power Pref and the fiber loss f f iber
loss .

We point out that the cantilever stiffness can be deter-

mined even if the Fabry-P�erot enhancement factor has been

determined for an interferometer configuration that is differ-

ent from the one of cantilever operation. To accomplish this,
~F is calculated by comparing the mean frequency shift

df ¼ 1
2

dfþ þ df�Þ
�

, to a reference frequency shift dfref ¼ 1
2

ðdfþref þ df�ref Þ measured in a configuration of known ~F ref

that can be an arbitrary operating point of the interferometer.

From Eq. (5), we find

~F � ~F ref
df

dfref

: (6)

A good reference point is position M at d¼ 210 lm where

we find dfref ¼�0.11 Hz and ~F ref ¼ 1.9, whereas at position

FP the shift is �1.48 Hz. Using the M reference data, we

find ~F FP¼ 26.9 at d¼ 20 lm, and this is within the experi-

mental error identical with the theoretical upper limit of
~F max¼ 26.8 determined by the Finesse F calculated from

the reflectivities for negligible cavity loss

~F max �
1� Rf

Rf

2

p
�

p
ffiffiffiffiffiffiffiffiffiffi
RcRf

4
p

1�
ffiffiffiffiffiffiffiffiffiffi
RcRf

p þ 1: (7)

In conclusion, by using a cantilever with reflective coating,

it is possible to generate multi-beam interference in a well

aligned cavity formed by the fiber end and a cantilever.

The strength of this multi-beam interference can be tuned

over a wide range by the cavity loss varied via the fiber-

cantilever distance where the interference character can be

changed from a predominantly Fabry-P�erot to predomi-

nantly Michelson.

For the case of multi-beam interference, the interaction

between the cavity-amplified optical field and the cantilever

results in opto-mechanical coupling and a shift of the reso-

nance frequency of the cantilever. The Fabry-P�erot enhance-

ment factor, that is a quantitative measure for the cavity loss,

can be determined via simple measurements of the oscilla-

tion amplitude dependent frequency shift and returned light

power in the detection arm. This, further, allows a determi-

nation of the effective cantilever force constant for operation

in positive and negative fringes as well as the intrinsic canti-

lever stiffness with remarkable precision. The fringe depend-

ent increased or decreased stiffness is due to the optical

spring effect of the radiation pressure for a cavity with a

highly reflective cantilever. If the cantilever stiffness has

been already determined precisely by another method, this

measurement can also be reversed to determine the amount

of sinusoidally modulated light present in the cavity interact-

ing with the cantilever. Properly positioning the cantilever in

the modulated light field and varying the amount of light

stored in the cavity in more sophisticated experiments will

allow the control of the cantilever motion in phase space

what is, for instance, desirable for optimizing the cantilever

response in NC-AFM measurements.

The authors are grateful to Alexander Schwarz for most

fruitful discussions.
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