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» Micromechanical torsional oscillator for measuring the Casimir force.

e nonlinear Casimir micromechanical oscillator.

» Geometry dependence of the Casimir force:

« Experiment on strongly deformed surface: array of nanoscale trench

Up to 30% deviation from pairwise additive approximati
A factor of 2 smaller than theory-en-perfect metals
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e attractive force between two electrically neutral conducting
surfaces

e arise from zero point fluctuations of the electrHagneti field

Energy for each electromagnetic mode

with frequency w:
E =(n+1/2)hw

Uncertainty Principle: electric and magnetic
fields fluctuate, even at ground state (n = 0)

Total zero point energy:
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Casimir

Quantum effect due ze
fluctuations on a macroscopic s

d

etween 2 um thick silicon plates.

td=1pum, Femi ~ gravitational attracti

t d = 10 nm, 108 times larger,

Feasimir — 1 atmosphere of pressure.

Non-ideal surfaces: finite conductivity, roughness, finite temperature, geometry effec




eLamoreaux 1997
Torsional Pendulum

—— 5% agreement-with-theory

» Mohideen & Roy *1998
AFM, 1 % agreement with the

* Ederth 72000
cylindrial geometry

* Chan, Aksyuk, Kleiman, Bishop & Capasso *2001
Actuation of micromechanical devices using
- the Casimir force

* Bressi, Carugno, Onofrio|& Ruoso 200
parallel plates

* Decca, Lopez, Fischbach & Krause *2003
issimi ‘Casimir-less’ experiment

Valid ford << R
(typical d ~ 100 to 400 nm, R ~ 50 to 100 u




B Torsional rod
cross section: 1.5 x 2 um?




Tilting the top plate by applying DC bias to electrode
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Experimental setup

‘ension
action




Calibration by electrostatic force

—— Electrostatic fit
—— Theoretical Casimir force
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Residual voltage
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Residual voltage
~20 mV
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Voltage applied to sphere(V




Residual voltage dependence on distance
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|:total =V i I:electrostatic(d) + I:Casimir(d)




Lifshitz 1956

 IN Material body:
fluctuating electromagnetic field
i < Charge and current fluctuations

| |
‘* boundary conditions
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Casimir force F (d + d,)
RMS deviation = 2.1 pN
d, =16.3 nm

Force (pN)
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Chan et al., Science 291, 1941 (2001).



Simple Harmonic Oscillations

(urad)

de A4
[
=
]

Oscillation amplitu

2752 | 27I54
Frequency f (Hz)

At small excitation,
response depends linearly
on excitation voltage




Nonlinear behavior induced by the Casimir force
.
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Anharmonic Oscillator: Equation of motion

10+ 10+ k& = rcos wt +bF (d +b6)

F (d+b6)=F(d)+F(d)Xbo)+ ¥ F'(d)bo) + 15 F'(dYbo)




Strongly nonlinear oscillator

bistability and hysteresis
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rimentally feasible, repulsive Casimir force can potentially reduce stiction.

osed geom

/'
cannot cut sphere or box in half ‘

A
ake one surface infinitely permeable ‘ /
lushwater 96) — Iél

troduce liquid into the gap-(current experiments by %:apasso) I/’
L€, < &y

)ssible use of

nee

Introduce gain (Lifshitz formula no longer applies)

It remains a major challenge to generate repulsive Casimir force with a vacuum gap.




A large sphere and a plate with periodic
sinusoidal corrugation

a=594ném, A =1.1pm,H/' A = 0.1-0.8

eaSLire farce exceeds pairwise additive
interaction

Klimchitskaya et al. PRA 63, 014101 (2001):
possibility of of lateral force

1eory: Emig, Hanke, Golestanian & Kardar, PRL 87, 260402 (2001):
a path integral quantization of the electromagneticfield

Correction is strong with large H/ A




Pairwise additive ] B
approximation (PAA) iz

. Ifd>>z, forall A,
I:Corrugated(z) =2 Fﬂat(Z)
A
nm | ‘

Proximity force I I s
approximation (PFA) I . I i
| |

If d>>z, forall A,

|:corrugated(z) = I:flat(z)

Casimir force for I I
— perfect metal S I

Buscher &
Emig, PRA 69,

062101 (2004).

C)'tm et al., PRL 101, for A << z,
030401 (2008). _
( ) I:corrugated(z) — I:flat(z)




Valid ford <<R
(typical d ~ 100 to 400 nm, R ~ 5

e[_amoreaux 1997

Torsional Pendul
'5% agreement wi

» Mohideen & Roy 1998
AFM, 1 % agreement with theg

 Ederth 2000
cylindrial geomet

» Chan, Aksyuk, Kleiman, Bishop & Capasso 12001
' ' chanical devices using

the Casimir force

parallel plates
Casimir

 Decca, Lopez, Fischbach & Krause *2003
dissimilar metals, ‘Casimir-less’ experiments




Oxide etch  Deep UV litho
mask

- Solid fraction p = 0.51+/0.001

—histogram of pixel brightness in top

average from 10 pictt
Depth =1.07 um
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Pixel brightness
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Etch
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Experiment setup

Sample orientation eliminate lateral motion.
m  |mmediately before pump down

HF remove native oxide layer, hydrogen
termination of the surface

>

poly-Si plate: S —
500 um x 500 um x 3.5 um [ Glass sphere: d~100um |
Sputtering: 400nm gold @ @




Flat surface

Flat surface
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* Finite element analysis to solve
 Proximity force approximation: Fsphere-conrrugate .
» Check convergence: double N changes force by 0.1%




3 samples made from the same silicon wafe

T T T T T T T
®  Casimir force measured between Au sphere and Si flat surface
Thearetical calculation including finite conductivity and roughness caorrection

airwise additivity: S
ctrench —
| 2

5, L For all A

F = pF ____For all material

c,trench — c, flat

Any deviation of measured force on corrugation from PF. flat

=» deviation from pairwise additivity (dependence of Casimir force on geometry)




Non-trivial boundary dependence of the Casimir force

T T T T T T T T
— pairwise additivity expectation g b pairwise additivity expectation
®  Experimental data for 1 o m period structure ¢ Ewxperimental data for 400nm period structure

Theory: Perfect metal
(Emig et al.)
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Pairwise additive approximation

03 0.4
Chan et al., PRL 101, 030401 (2008).




Theory: Perfect metal
(Emig et al.)

0.8

‘\0.5

Theory: silicon & gold
(Lambrecht et al.2008)

ing reflection coefficients and argument principle

Possible reason for discrepancy:

uncertainties in the optical properties of gold and silicon
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Buscher & Emig, PRA 69, 062101 (2004).




» Micromechanical torsional oscillator for measuring the Casimir force.

e nonlinear Casimir micromechanical oscillator.

» Geometry dependence of the Casimir force:

« Experiment on strongly deformed surface: array of nanoscale trench

Up to 30% deviation from pairwise additive approximati
A factor of 2 smaller than theory-en-perfect metals
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