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# of photons

Uncertainty PrincipleUncertainty Principle



VACUUM

;

counting only
the modes
that fitthat fit

…

The energy depends on separation…

d

…there exists a force

d



LONDON THEORY OF VAN DER WAALS FORCES (between atoms)

A B

Interactions between the two dipoles

A feels the field of B, and B feels the field of AA feels the field of B, and B feels the field of A

INSTANTANEOUS INTERACTION
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Analogous situation for two macroscopic slabs

Interactions due to collective motion of charges

INSTANTANEOUS INTERACTION

non retarded van der Waals interaction

Lifshitz theory of dispersion forces



Analogous situation for two macroscopic slabs

Interactions due to collective motion of charges

Lifshitz theory of dispersion forces



Lifshitz 1956:
London theory of
van der Waals force
revisited

…
QUANTUM FLUCTUATIONS OF THE E.M. FIELD

FLUCTUATING DIPOLE MOMENTS ON THE SURFACES

PLENTY OF LITERATURE ON:

Objects in liquids Surfaces in contact

What do people refer to with “Casimir force experiments”?
What shall we really talk about today?



We will look at:

measurements
f f b lid bjof forces between solid objects

not yet in contact
possibly across gas or vacuum
certainly at large separations (where retardation counts)certainly at large separations (where retardation counts)
aimed at high precision…

with some exceptions!…with some exceptions!

But first…



Cr/Fe

1 cm2

Al

Measurement of the force: capacitance c
Calibration of the setup: adding a small known mass (gravitational calibration)
Change of distance: calibrated screwChange of distance: calibrated screw
Measurement of distance: capacitance
Measurement of parallelism: optical plus contact



1 cm2

Take home messages from Sparnaay’s experiment:
Measurement of separation must be improved
Clean surfaces !!!

The presence of dust/contaminants:
1 – prevents to measure at close d
2 – gives rise to residual electrostatic !



Q. Rev. 10 (1958) 295



Magnetic torque feedback:
Zero angle zero current zero force
Angle 0 current 0 restoring force

1 – solves the jump to contact problem
2 measures the Casimir force2 – measures the Casimir force
3 – also allows change of separation

(move P1 change zero point)

(while absolute separations is
measured via Newton’s ring)

Alignment such that current
output is proportional to angle



Take home messages from Derjaguin’s experiment:
Sphere to plate might be betterSphere to plate might be better
Feedback tricks might help

(problems with surface contamination, though)



mica mica;
authors assume there is

no residual electrostatic force

F i dForce is measured as
“jump to contact”
for different stiffnesses

Surface Force Apparatus (SFA)



mica mica;
authors assume there is

no residual electrostatic force

Surface Force Apparatus (SFA)



mica mica;
authors assume there is

no residual electrostatic force



Di t i d iti lDistance is measured capacitively
Force is measured from distance measurements
Calibration: with electrostatic forces (applying a voltage)
Counterbias appliedCounterbias applied

Force

Volta potential



Take home messages from B&O’s experiment:Take home messages from B&O s experiment:
Calibration with electrostatic force
Counter bias the residual electrostatic
Oxide layers are not goodOxide layers are not good



1. Parallel plates geometry makes life difficult
sphere to plate is more convenient

2. Surface contaminants / oxides make life difficult
use metals (noble metals?)
k f lkeep surfaces clean

3. Calibration is a must
use electrostatic force to calibrate the force sensoruse electrostatic force to calibrate the force sensor

4. Measurement of separation is a must
use electrostatic force to calibrate the distanceuse electrostatic force to calibrate the distance



‘80s: significant development of microtechnology

MICROTECHNOLOGY

MORE SENSITIVE MINIATURIZED FORCE SENSORS

CASIMIR FORCES CAN BE MEASURED ON SMALLER OBJECTS
(less problems with vibrations and surface quality)

MINIATURIZED CASIMIR FORCE SETUPS simplerMINIATURIZED CASIMIR FORCE SETUPS simpler

BETTER MACROSCOPIC CASIMIR SETUPS sometimes necessary







Many measurements without the sphere
(the tip is a sphere itself), limited to non retarded forces. Then…

3.5 microns, silica

Substrate = silica
M di t +N ClMedium=water+NaCl

van der Waals

After this series of “early signs”…



GOAL 1: first precise (~1%) measurements of the Casimir force



Vacuum, oil free pumps, antivibration stages…
Sphere: =191.3±0.5 μm (SEM), coated with AuSphere: 191.3±0.5 μm (SEM), coated with Au
Plate: sapphire, coated with Au
Roughness of plate: 1.0±0.1 nm (AFM)

Expected sensitivity ~ 1 10 pNExpected sensitivity 1 10 pN
Expected force ~ 200 pN @ 100 nm

Strategy in the determination of separation:
Plate mounted on a calibrated piezoPlate mounted on a calibrated piezo,
moves over known distances

Separation = separation at contact + piezo movement backward

Determination of will be explained later



Procedure

11 Electrostatic

Measure as a function of for different

calculate that zeroesa

NOTE: no need to know accurately at this stage

NOTE: this measurement is performed only at large separations!
It is assumed that there is no dependence of zeroing on separation and time!
R tl th h d t t d th t th ti tRecently, the group has demonstrated that the assumptions were correct

Interestingly…



Procedure

2 Negligible electrostatic force32 Negligible electrostatic force3

Move piezo and measure deflectionMove piezo and measure deflection

ct Casimir

co
nt
ac

Casimir

Furthermore:
bending of the cantilever

get from this slope

g

V=0.256V, 0.202V, 0.154V



Procedure

2 42 4

Move piezo and measure deflection
Correct the electrostatic data and

Move piezo and measure deflection

ct Casimir

fit with electrostatic formula

co
nt
ac

Casimir

Furthermore:
bending of the cantileverg

Find and calibration constant



Procedure

22

Move piezo and measure deflection

FIRST HIGH PRECISION,
CAREFUL MEASUREMENT OF
CASIMIR FORCE WITH MEMSMove piezo and measure deflection

ct Casimir
5

CASIMIR FORCE WITH MEMS

co
nt
ac

Casimir

Furthermore:
bending of the cantilever

standard deviation
g



Set limits to extra gravitational forces
PRECISE AND ACCURATE MEASUREMENTS

(PRECISE AND) ACCURATE THEORY

Dielectric properties of the
interacting materials

Effect of surface roughness







Other groups that have followed: Harvard, Amsterdam, Groningen, Grenoble



Calibration with hydrodynamic force





see also



Fundamental parameters to be determined
Review of the difficult points in an AFM Casimir force experiments

d0

or
ce

d fod0 dpz

separation

AND CONSTANT WITHIN ONE RUN!!!



Fundamental parameters to be determined

or
ce

ta
ge

fo
vo
lt

separation

AND CONSTANT FOR THE WHOLE
DURATION OF THE EXPERIMENT

d0



Fundamental parameters to be determined

V0

MEASURED AT ALL SEPARATIONS

d0



TYPICAL THINGS THAT WE DO NOT WANT TO DO

1 Bring surfaces in
contactd0

2 Calibrate once in a
while

3
Measure V0 far away,
assume it is constantV0



TYPICAL THINGS THAT WE DO

1 Bring surfaces in
contactd0

2+1
Continuously calibrate

2 Calibrate once in a
while 3

Continuously measure
and compensate for V0 at
all separations

3
Measure V0 far away,
assume it is constantV0

p

+
CASIMIR FORCE,
simultaneously

WE MAKE MEASUREMENTS IN AIR

Let’s see how…



Designed and built at the VU



Suppose there is no V0Fixed d.

with
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Suppose V0 0Fixed d.

with
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with

Feed back loop drives VDC so
that signal at 1

V0 is measured continuously and
always counterbiased by VDC

m
pl
itu

de

always counterbiased by VDC

ci
lla
tio

n
am

frequency

os
c



Close the door
d fixed!
Au vs Au
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V0 : feedback on!

V0 feedback0

known
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d

V0 feedback

d0 dpz

0

known
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frequency
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c



d

V0 feedback

d0 dpz

0
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V0 feedback0

known
Measure S(2 1)

m
pl
itu

de
ci
lla
tio

n
am

frequency

os
c



Run number 107



Violation of PFA (for electrostatic)Violation of PFA (for electrostatic)



8580

~ 50 pm/run
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Add oscillation at 2

V0 feedback0

Measure S(2 1)
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d*

V0 feedback0

Measure S(2 1)
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V0 feedback0

Measure S(2 1)

Measure S( 2)( 2)



V0 feedback0

Measure S(2 1)

Measure S( 2)( 2)
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At one particular value of d
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Casimir

Air
IN PHASE

Hydrodynamic

PHASE SHIFT = 90º
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Casimir

Air
IN PHASE

Hydrodynamic

PHASE SHIFT = 90º

HYDRO

1°

CASIMIR

1

From the in phase signal





Felectrostatic
0 R(VDC VAC sin( t) V0 )2

d

0 R(VAC sin( t))2
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Amsterdam

bending distance



125 μmμ

Patent WO2007/061286

Fiber top cantilever

not in
use



125 μm

Patent WO2007/061286



0

-10

y 
(n

m
)

22.5 nm

0 1000 2000

-20

x (nm)

Patent WO2007/061286

x (nm)



IR (readout)

F

50 μm VIS
(evanescent field)

Patent WO2007/061286



SENSITIVE: based on optical interferenceSENSITIVE: based on optical interference
FLEXIBLEFLEXIBLE: working principle is not affected by the surroundings: working principle is not affected by the surroundingsFLEXIBLEFLEXIBLE: working principle is not affected by the surroundings: working principle is not affected by the surroundings
COMPACTCOMPACT: just on the tip of a fiber: just on the tip of a fiber
EASYEASY TOTO USEUSE: “plug: “plug andand play” designplay” design
PORTABLEPORTABLE: readout in small volumes and light weight: readout in small volumes and light weightCasimir effect PORTABLEPORTABLE: readout in small volumes and light weight: readout in small volumes and light weight





Casimir curve (oscillation on): non reproducible results

Air



k ~ 1 N/m







20μm x 20μm
thickness of metal = 10nm

…and many more applications…



(after Mohideen series of papers)

R=100 μm



F thi lib tiFrom this calibration curve:
Measurement of counterbias V
Absolute separation
Calibration of the force sensor

(after Mohideen series of papers)

Calibration of the force sensor
Correction for tilting (touching?)



(after Mohideen series of papers)







The experimental technique
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When is a metallic layer really a mirror?

Thick (bulk like) metallic film: reflective

Thin metallic film: transparent
(but still metallic!)( )

Transparent sphere coated with

Thin metallic layer Thick metallic layer



Main problems:
surface roughness
di f h h 3radius of the sphere

R
d
cF 3

3

360

1st evaporation
(thin film)

1st Casimir force 
meas. (thin film)

Meas. of surface 
roughness

Data with thick film are
taken only if the surface
roughness is the sameg

Same radius because it
is the same sphere

2nd evaporation 2nd Casimir forceMeas of surface

p

(note: thickness is
measured with RBS)2 evaporation

(on top of thin film)
2 Casimir force 
meas. (thick film)

Meas. of surface 
roughness



300
Thi k fil

Thick (200 nm Pd)

Thin (2 9 nm Ti +200

Thick film

Thin (2.9 nm Ti +
9.2 nm Pd)

100

 

F 
(p

N
)

0

Thin film

0.0 0.1 0.2 0.3 0.4 0.5
0

d ( m)

First evidence of theFirst evidence of the
skin depth effect
on the Casimir force



Casimir paper: two PERFECT CONDUCTORS

Real materials Boundary conditions

F The Casimir force depends on
which materials the interactingwhich materials the interacting
surfaces are made of (Lifshitz
theory)

Highly reflective Transparent
Hydrogen Switchable Mirrors

g y p

Is it possible to do it in situ?
We need metallic surfaces that can be switched from reflective to

R G i J H R d Jtransparent!R. Griessen, J. H. Rector and J.
Huiberts



The idea: measurement of the Casimir force in air and in hydrogen

Highly reflective Transparent

The goal: tuning the Casimir force in situ, from strong to weak



The mirror

Mirror in airMirror in air

Same mirror
in H atmosphere

Pd (50 Å)

in H atmosphere

glass Ni+Mgglass Ni+Mg



The idea: measurement of the Casimir force in air and in hydrogen

Highly reflective Transparent

H Switchable Mirror

Th l t i th C i i f i it f t t kThe goal: tuning the Casimir force in situ, from strong to weak



400

Results: Why is the change below experimental sensitivity?

350

400

Red = in air (as deposited)
Green = in hydrogen (transparent)

250

300
y g ( p )

General explanation at Harvard

150

200  

F 
(p

N
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More rigorous explanation at VU

50

100

0 50 100 150 200 250 300 350 400

50

d (nm )



Dielectric functions of H Switchable Mirrors are
known to switch in visible and near IRknown to switch in visible and near IR

1.0

No measurement has been performed at longer

0.8

p g
wavelengths

Intuitive arguments:

0.6

ef
le

ct
iv

ity Long wavelengths should not
count!

As deposited

0.4R
e

Loaded with H

0 0

0.2

0.1 1 10 100
0.0

wavelength ( m)



Long wavelength
should not count y

x

zshould not count

2/1
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22
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Does not depend
on d

0m 1m 2m

The largest wavelength In our case d 100 nm Only UV properties should matter!The largest wavelength
is =2d

In our case, d 100 nm Only UV properties should matter!



Dielectric functions of H Switchable Mirrors are
known to switch in visible and near IR

From magnetoresistance
and Hall effectknown to switch in visible and near IR

1.0

and Hall effect
measurements we can
extract information on
long wavelengthsMg2Ni

0.8

g g

Mg2NiH3.5 (1)

0.6

ef
le

ct
iv

ity

Mg NiH (2)

These three models
should give the same

As deposited

0.4R
e Mg2NiH3.5 (2)

g
result

Loaded with H

0 0

0.2

Mg2NiH3.5not reflective at long wavelengths
(WRONG ASSUMPTION !)

0.1 1 10 100
0.0

wavelength ( m)



Mg2NiH3.5
t fl ti t l

Expected change in the force upon hydrogenation

not reflective at long
wavelengths
(wrong assumption)

Mg2NiH3.5 Reflective at
long wavelengths

The effect is smaller because
MIRRORS DO NOT SWITCH WELL AT LONG WAVELENGTHS

WHY?

and LONG WAVELENGTHS COUNT!



These are the modes considered so far

Nodes on the plates
This is a constraint due to the hypothesis of
PERFECT CONDUCTORSNodes on the plates PERFECT CONDUCTORS

For “real” materials:

determines the boundary conditionsy

Longer wavelength modes are allowed and will
th t ib t t th f

>d
thus contribute to the force



L l th t!

Expected change in the force upon hydrogenation

Long wavelengths count!

The Pd layer counts!

Pd (50 Å)

Adding the Pd layer



Results of the calculations
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Mission: the most precise and accurate measurements of the Casimir force



Two major technical improvements:

Measurement separations via optical fiber
interferometry (eliminates problems with drifts)

Softer springs (increases force sensitivity)



About the separation
zmetal = zi z0 zg b

capitance bridge

electrostatic calibration
with microscope

interferometric

interferometric



As in previous experiments

constant
in z and time



…different from previous experiment, though…

Measurement of Casimir force with resonance frequency shift

Phase lock loop

Calibration of pre factors: electrostatic force



error balance

systematic (use of PFA, error on R, error in )
random



THE MOST DEBATED TOPIC IN THIS MOMENT: DRUDE OR PLASMA?



Lifshitz theory works, but there is a question on Drude vs plasma

There is no extra g force within sensitivity of the experiments

The Lifshitz force can be tuned, both with metallic surfaces and with liquids

WHAT IS LEFT TO DO?

Solve the problem on Drude vs plasma

Improve limits on extra gImprove limits on extra g

Applications to nanotechnology



Deviation from PFA

Solid line: PFA



Gratings can also decrease
the force with respect to PFA



“The Casimir effect plays an important role in nanotechnology”

CASIMIR EFFECT IN MEMS AND NEMS

annoying:
strong force that induces jumps to contact

useful:

COMPARED TO WHAT ?

strong force that can be engineered to our needs

HOWMUCH ?



No counterbias negligible Casimir force

V0 =100 mV
vs
Casimir gold gold

V0 =100 mV
vs
Casimir gold gold

COMPARED TO WHAT ?



Hydrodynamics !

COMPARED TO WHAT ?

(…not to mention capillary forces…)( p y )



A factor of 2, and that’s about it!

HOWMUCH ?



How about liquids and repulsive?

Israelachvili: “Just add some salt…”

HOWMUCH ?



Lifshitz theory works, but there is a question on Drude vs plasma

There is no extra g force within sensitivity of the experiments

The Lifshitz force can be tuned, both with metallic surfaces and with liquids

WHAT IS LEFT TO DO?

Solve the problem on Drude vs plasma

Improve limits on extra gImprove limits on extra g

Applications to nanotechnology
Increase accuracy/precision of MEMS setups
OR
Go to larger setups:Go to larger setups:
Larger separa ons more thermal e ects
Larger separa ons di erent regions



Lifshitz theory works, but there is a question on Drude vs plasma

There is no extra g force within sensitivity of the experiments

The Lifshitz force can be tuned, both with metallic surfaces and with liquids

WHAT IS LEFT TO DO?

Solve the problem on Drude vs plasma

Improve limits on extra gImprove limits on extra g

Applications to nanotechnology
Increase accuracy/precision of MEMS setups
OR
Go to larger setups:Go to larger setups:
Larger separa ons more thermal e ects
Larger separa ons di erent regions



More difficult because:

Larger surfaces larger problems with dustLarger surfaces larger problems with dust
Larger surfaces larger problems with electrosta c
Larger setup more problems with vibra ons

Go to larger setups:Go to larger setups:
Larger separa ons more thermal e ects
Larger separa ons di erent regions



(Historical note: this is the first paper after Overbeek – van Blokland)

Plate versus spherical lens (R=11.3 cm), Au coated
Experiment in vacuum.

Keep the balance straight

Change of separation via calibrated piezo

Reduces vibrations



How about calibration, V0, and d0?

Measured and (almost) couterbiasedWith electrostatic force

Casimir
electrostatic

setupsetup





MEMSMEMS

Plasma frequency was wrong
Radius was wrong



Drude vs plasma at large separations (d>>1 μm):



Model for patch effects

d is found with the parabola method
(fix separation, sweep Vm, find curvature)

Minimum of parabola gives

But:

if the separation is fluctuating with time

If fluctuations are faster than integration time
This term does not appear and
must be taken into account



counterbias



counterbias

DRUDE !

Real (thermal) photons: force scale with 1/d2



D

Who is this
one?

Decca Lamoreaoux



Did everyone abandon
the parallel plate geometry?

• Apparatus inside Scanning ElectronMicroscope (SEM)
(pressure ~ 10 5 mbar)

• System of actuators for parallelization
• Fiber optic interferometer transducer
• SEM for final cleaning and parallelism monitoring
• Source approach to the cantilever using a linear PZT



Interaction area S = 1.2 x 1.2 mm2





1 – Plates are put parallel (first looking at SEM pictures, then maximizing the capacitance)

2 – First rough V0 measurement at different separations (but keeping surfaces well far
away) by looking at the static bending of the cantilever as a function of applied voltage

3 – Resonance frequency shift measurements (homodyne) with rough compensation of V0:

4 – Repeat measurement for other 3 voltages get d0, get this, which is then used here,
and get residual electrostatic force for the first curve (done at voltage close to counterbias)and get residual electrostatic force for the first curve (done at voltage close to counterbias)





Lifshitz theory works, but there is a question on Drude vs plasma (still going on)

No extra g force detected within sensitivity of the experiments

The Lifshitz force can be tuned, both with metallic surfaces and with liquids

WHAT IS LEFT TO DO?

Solve the problem on Drude vs plasma: MEMS or macroscopic?

Improve limits on extra g: MEMS or macroscopic?Improve limits on extra g: MEMS or macroscopic?

Applications to nanotechnology



Th i t f b t t l tThere is an extra force between two plates
at short separations

(already detectable at d 100 μm)



J. Khoury and A.Weltman,
Phys. Rev. Lett. 93 (2004) 171104

KILLS THE 5th FORCE

El t t ti

KILLS THE 5 FORCE

V0 DISCONTINUITY

LARGER AREASElectrostatic screen LARGER AREAS

VACUUMVACUUM



Area = 1 cm2 Let’s suppose to
introduce a gas in the gap

increases
=

increases

vacuum ìncreasesd

LARGE SEPARATION (>10μm)

LARGE AREAS

( μ )

M d ?

V0 DISCONTINUITY

Measure and compare?

KEY PUBLICATION: Brax, van de Bruck, Davis, Shaw, Iannuzzi, Phys. Rev. Lett. 104 (2010) 241101



Area = 1 cm2 Let’s suppose to
introduce a gas in the gap

increases
=

increases

ìncreasesd

LARGE SEPARATION (>10μm)

LARGE AREAS

( μ )

M d ?

V0 DISCONTINUITY

d = 10 m, A = 1 cm2
Measure and compare?

in Xenon

KEY PUBLICATION: Brax, van de Bruck, Davis, Shaw, Iannuzzi, Phys. Rev. Lett. 104 (2010) 241101



d = 10 m, A = 1 cm2

0.0 0.0
n=4 n=410000

-0.2
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-0.4

-0.2

 

F 
(p

N
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-0.4 
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-0.6

 
F

He Xe

0.0 0.4 0.8 1.2 1.6 2.0
P (atm)

0.00 0.05 0.10 0.15 0.20
P (atm)

force sensitivity needed: order of 0.1 pN

KEY PUBLICATION: Brax, van de Bruck, Davis, Shaw, Iannuzzi, Phys. Rev. Lett. 104 (2010) 241101



Force sensitivity: 0.1 pN
Interaction area: 1 cm2

i b fSeparation between surfaces: 10 μm

detection sensitivity = 0.01 ppm/ Hz CUSTOMMADE

if k < 1 N/m, then

force sensitivity < 0.1 pN/ Hz 1 cm x 1 cm x 50 nm

0.25 cm x 0.25 cm x 50 nm

capacitance bridge

0.25 cm x 0.25 cm x 50 nm

0.5 cm x 0.5 cm x 50 nm

k = 1.7 N/m

k = 0.3 N/m



Force sensitivity: 0.1 pN
Interaction area: 1 cm2

i b fSeparation between surfaces: 10 μm

EFFECT OF THE BENDING OF THE MEMBRANE ?

SURFACE QUALITY: (a) clean environment; (b) Kelvin probe microscopyQ ( ) ; ( ) p py

VIBRATIONS: use solutions implemented by VIRGO

PARALLELISM@ 10 μm



PARALLELISM@ 10 μm

NO CROSS TERM NO SIGNAL AT



Force sensitivity: 0.1 pN
Interaction area: 1 cm2

i b fSeparation between surfaces: 10 μm




