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The Casimir effect: 
a force from nothing



OverviewOverview

What is the Casimir effect?

Old and new experiments

The Casimir effect and MEMS

The Casimir effect in superconducting cavities



The Casimir effect is a  MACROSCOPIC  force originating from
QUANTUM VACUUM  fluctuations of the electromagnetic field
in constrained geometries. 

Quantum fluctuating dipole moments inside atoms and molecules are at the 
origin of familiar van der Waals forces of chemistry (colloids)

When retardation effects, due to finite speed of light, are  considered one 
passes smoothly from the van der Waals regime (short-distance non-retarded
regime) to the Casimir-Polder regime (long-distance, retarded regime)

The Casimir force is a van der Waals interaction between MACROSCOPIC 
Bodies at separations ranging from a few nanometers to (a few) microns

In brief



Radiation pressure is well
known since a long time. 

Radiation pressure on a mirror placed inside an oven at temperature T 
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What if we have TWO mirrors at distance a ?



Mirrors
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This gives a spectrum of allowed resonant frequencies ωn
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Therefore, each mirror only feels radiation pressure from outside, and we expect
a NET force FT on either mirror, that pushes the mirrors towards each other
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Only photons that interfere costructively upon multiple
reflections off the mirrors can propagate inside the cavity

Two mirrors form a CAVITY



The radiation inside the cavity can be regarded as an
infinite  set of  HARMONIC OSCILLATORS with frequencies ωn

According to Planck, the  free energy Fosc of an
harmonic oscillator at temperature T is ( ) Log 1B
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The free energy F of the cavity is the sum of the free energies of all the modes

What is the force for larger separations between the mirrors?

Sketch of computation:

The  force on either mirror is ( )TF a
a
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For large separations the 
force decreases rapidly: 
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from inside. The force gets smaller
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An interesting maritime analogy
S.L.Boersma Am. J. Phys. 64 (5) 1996



What happens to the force if we cool everything?

This looks like a stupid question to ask. At T=0 there is no radiation around
and therefore there should be no force.

This conclusion is WRONG because according to
QUANTUM MECHANICS it is impossible to
freeze out completely electromagnetic
fluctuations (Casimir 1948) 

H.B.G. Casimir



QUANTUM THEORY OF THE HARMONIC OSCILLATOR

Heisenberg’s uncertainty principle implies that an oscillator in its
ground state has an unescapable ZERO-POINT ENERGY E0

There is no way to turn off zero-point QUANTUM e.m. fluctuations inside the 
cavity by cooling it. Even at T=0 the cavity possesses a free-energy equal to the 
sum of the zero-point energies of all resonating e.m. modes.
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The ZERO-POINT energy of the cavity is INFINITE! This is NONSENSE!

True, BUT...

This is true all the same for the electromagnetic field ! 

Wait a minute! We have an infinite number of modes!



Subtracting the two infinities gives a  FINITE result (CASIMIR 1948)

...we must SUBTRACT the zero-point energy E0 of empty space (no mirrors)! 
That too is INFINITE

2
2

0 0 3( ) ( )
720Cas

cE a E a E L
a

π
= − = ∞−∞ = − ×

h

The resulting Casimir force is
2

2
4( )

240Cas
cF a L

a
π

= ×
h

4
6 10.13 10cas

mF N
a

μ− ⎛ ⎞= × ⎜ ⎟
⎝ ⎠

for L2=1 cm2

At 1 μm, Fcas is 600 times larger than thermal pressure at room temperature!

The Casimir force is the dominant force at submicron distances.
Its strength increases rapidly below one micron. 

At 10 nm it equates the atmospheric pressure!  



All this is for ideal  mirrors. The theory for real materials was developed by
Lifshitz long ago (1956). In combination with suitable approximations
it permits to account  for several factors like:

finite skin depth of e.m. fields

optical features of the mirrors

temperature effects

roughness of surfaces



Presently explored directions:

Dependence of the Casimir force on the  SHAPE of the bodies

Observation of thermal corrections

Possibility of repulsive forces in vacuum (METAMATERIALS)

Using the general theory one finds that:

The Casimir force can be repulsive if ε1>ε2>ε3 ε1 ε2
ε3

A Casimir torque arises between
two birefringent plates

liquid



EXPERIMENTAL VERIFICATIONSEXPERIMENTAL VERIFICATIONS



First  experimental attempt
Sparnaay  [Physica 24, 751 (1958)] at Philips labs

“The obtained results do not contradict 
Casimir’s theoretical prediction…”
100% errors and also repulsive forces

The only other experiment in the plane-parallel configuration to date is
G. Bressi, G. Carugno, R. Onofrio, G. Ruoso, Phys. Rev. Lett. 88, 041804 (2002)
(experimental error 15%)

The plane-parallel configuration poses severe experimental problems (control 
of the parallelism, residual electric fields, accurate determination of separation..)



Tabor, Winterton, and Israelachvili, 
Nature, 219,1120 (1968), Proc. Roy. Soc. A, 331, 19 (1972)

Cylindrical surfaces of mica

In order to avoid parallelism problems, other geometries are preferred, even
though the Casimir force gets much smaller.



Casimir force in a plane-spherical geometry
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InvestigatorsInvestigators RR Range (Range (μμm)m) Precision (%)Precision (%)

Van Van BloklandBlokland and and 
OverbeekOverbeek (1978)(1978)

1 m1 m 0.130.13--0.670.67 25 at small distances25 at small distances
50 average 50 average 

LamoreauxLamoreaux (1997)(1997) 12.5 cm12.5 cm 0.60.6--66 5 at very small distance, larger 5 at very small distance, larger 
elsewhereelsewhere

MohideenMohideen et al (1998)et al (1998) 200  200  μμmm 0.10.1--0.80.8 11

Chan Chan et al (2001)et al (2001) 100  100  μμmm 0.0750.075--2.22.2 11

From Mohideen-Roy (1998)

R= sphere radius
d= min. sphere-plate distance



Putting the Putting the CasimirCasimir Force at workForce at work

•• Tiny at MicronTiny at Micron--scalescale
It took 50 years to be verified!It took 50 years to be verified!

•• Dominant at NanoDominant at Nano--scalescale
Strongest distance dependenceStrongest distance dependence

unwanted effects:unwanted effects: stictionstiction

harnessed for good use:harnessed for good use: novel NEMSnovel NEMS



Polysilicon plate

metallic sphere

Torsional rods

100 μm

“..we demonstarted that when the separation between the
surfaces is small, quantum effects...correctly describe the
operation of our micromachined device. This could open new
possibilities for novel actuation schemes in MEMS based on
the Casimir force..”

A micromachined torsional
device realized at Bell labs., 
Lucent technologies

The Casimir force  tilts the plate for sphere-plate
distances less than 300 nm



Lateral Casimir ForceLateral Casimir Force

•• Theoretical PredictionTheoretical Prediction

R. Golestanian & M. Kardar, Phys. Rev. Lett. 78, 3421 (1997)
T. Emig, A. Hanke, R. Golestanian & M. Kardar, Phys. Rev. A 67, 022114 (2003)



Lateral Casimir ForceLateral Casimir Force
•• Experimental Verification by AFMExperimental Verification by AFM

F. Chen, U. Mohideen, G. L. Klimchitskaya, &
V. M. Mostepanenko, Phys. Rev. Lett.  88, 101801 (2002) 



Rack and Pinion (not yet realized)Rack and Pinion (not yet realized)

A. Ashourvan, M.F. Miri, & R. Golestanian, Phys. Rev. Lett. 98, 140801 (2007)

Powered by Powered by Quantum Quantum 
VacuumVacuum

Force transduction Force transduction 
with no contact could with no contact could 
potentially solve potentially solve 
wearwear problem in problem in 
nanonano--mechanical mechanical 
systemssystems



The Aladin2 The Aladin2 experimentexperiment
SCIENTIFIC MOTIVATIONSSCIENTIFIC MOTIVATIONS

First direct measurement of the variation of First direct measurement of the variation of 
CasimirCasimir energy in a rigid  cavity. energy in a rigid  cavity. 

First demonstration of a phase transition First demonstration of a phase transition 
influenced by vacuum fluctuationsinfluenced by vacuum fluctuations

Aladin has been selected by INFN  as a highligth experiment in 2006



PARTICIPATING INSTITUTIONSPARTICIPATING INSTITUTIONS

INFN INFN -- Naples (Italy) Naples (Italy) 

IPHT (Institute for Physical High Technology) IPHT (Institute for Physical High Technology) -- Jena  Jena  
(Germany): (Germany): U.HubnerU.Hubner , E. , E. IlIl’’IchevIchev

Federico II University Federico II University –– Naples  (Italy): Naples  (Italy): E. E. CalloniCalloni,,
G. G. BimonteBimonte, G. Esposito, L. , G. Esposito, L. MilanoMilano L. Rosa, R. L. Rosa, R. VaglioVaglio

SecondaSeconda UniversitUniversitàà di Napoli di Napoli --AversaAversa (Italy): (Italy): F. F. TafuriTafuri, D. , D. 
BornBorn



Au

Al2O3

Al

a = 10 nm

D = 10 nm

S = 100 nm

−.~~

We have realized two-layer systems, consisting of identical  thin 
superconducting Al film, covered with an equal thickness of oxide. A 
cavity is obtained  by covering some of the samples with a thick cap of a 
non-superconducting metal (Au).

1) The Casimir pressure on the outer layers and the free energy stored in the cavity 
depend on the reflective power of the layers.

2 ) The optical properties, in the microwave region, of a  metal film change drastically
when it becomes superconducting.

Therefore:

The Casimir pressure and free energy change when the state of the film passes
from normal to superconducting

A three layer
cavity



IndeedIndeed ΔΔFFcc isis expectedexpected toto bebe positive, positive, becausebecause, in the , in the 
superconductingsuperconducting state, the film  state, the film  shouldshould bebe closercloser toto behavebehave asas anan
ideal ideal mirrormirror thanthan in the in the normalnormal state, and so state, and so FFcc (s) (s) shouldshould bebe more more 
negative negative thanthan FFcc (n) .(n) .
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n
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The change in the Casimir pressure determined by the superconducting transition in the
Al film is extremely small (of fractional order 10-8 or so) and practically unmeasurable
even at the closest separations.

The reason is easy to understand: the main contribution to the Casimir energy arises
from modes of energy ħc/L≈10 eV  (for L=20 nm), while the transition to
superconductivity affects the reflective power only in the  microwave region, at the 
scale k Tc ≤ 10 - 4 eV (for Tc ≈ 1 K).

A feasible alternative approach involves directly the variation ΔFc of Casimir
free energy across the transition:



Is there a way to measure Δ Fc?

ΔFc can be measured by means of a comparative measurement of the 
(parallel) critical magnetic field Hc║ required to destroy the 
superconductivity of the three layer cavity, as compared to the critical field
of the two-layer system (not forming a cavity). 

Because of the Casimir energy ΔFc, the  three-layer
critical field is larger.

Since the effect depends on an energy scale (the film condensation energy
Econd) which is orders of magnitude smaller than typical Casimir energies Fc, 
even tiny variations ΔFc of Casimir free energy give rise to measurable
shifts δHc



MagneticMagnetic propertiesproperties of of superconductorssuperconductors
MeissnerMeissner effecteffect: : theythey show show perfectperfect diamagnetismdiamagnetism..
SuperconductivitySuperconductivity isis destroyeddestroyed byby a a criticalcritical magneticmagnetic
fieldfield ..
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( thick flat slab in parallel field)

Hc(T) follows an approximate
Parabolic law

The value of  Hc is obtained by equating the magnetic energy (per unit volume) 
required to expel the magnetic field with the condensation energy (density) 
of the superconductor.

f n/S (T) : density of free energy at 
zero field in the n/s state
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The critical field depends on the shape of the sample and on the direction of the field. For a 
thick flat slab in a paralle field, it is called thermodynamical field and is denoted as Hc.
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Superconducting film as a plate of  a Casimir cavity
WhenWhen the the superconductingsuperconducting film film isis a a plateplate of the of the cavitycavity, the , the condensationcondensation energyenergy EEcondcond of the of the 
film  film  isis augmentedaugmented byby the the differencedifference ΔΔFFcc amongamong the the CasimirCasimir freefree energiesenergies

For an area A=1 cm2 and L=10 nm

For an Al film with A=1cm2, a thickness D=10 nm , 
and for T/Tc=0.995:

Fc is 10 million times larger than Econd!

So even a tiny fractional change of Fc can be large compared
with Econd, and cause a measurable shift of  critical field.



0

10

20

30

40

50

60

70

80

90

100

-0,0020 -0,0015 -0,0010 -0,0005 0,0000

dT (K)

Ap
pl

ie
d 

Fi
el

d 
(G

au
ss

)

Upper curve: Cavity

Lower curve: simple film

Expected signal

δT 10÷5 μK

δH 5 Gauss

≈
≈

Theoretical prediction



Results of the measurements (preliminary)
The lower curve is the cavity, the upper one is
for the bare film (Error bars are 6 μK)

Low-field data for a bare film. The solid line is the 
extrapolation to low fields of a best fit of high field
Data. The error bars are of 6μK
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ConclusionsConclusions

The Casimir force is nowadays a well tested reality (at the percent level)

Open problem: making it repulsive in vacuum (metamaterials)

Perpsectives : engineering the  Quantum Vacuum



OverviewOverview

The The problemproblem of of thermalthermal CasimirCasimir effecteffect in in 
metallicmetallic cavitiescavities

JohnsonJohnson noisenoise in in conductorsconductors

Interaction Interaction betweenbetween twotwo wireswires

RoleRole of finite of finite sizesize of of conductorsconductors

ConclusionsConclusions
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CasimirCasimir effecteffect

For an ideal cavity with perfectly reflecting mirrors (Casimir 1948):

Modern experiments require considering a number of corrections:

Surface roughness and shape of plates

Finite conductivity of the plates

Temperature of the plates

Surprisingly, for metallic plates, combined effect of temperature and finite 
conductivity raises severe problems.



Thermal corrections to the Casimir effect

Picture from Bostrom and Sernelius
PRL 84 (2000) 4757

Experimental points from Lamoreaux,  
PRL 78 (1997) 5; 81 (1998) 5475.

The combined effect of finite conductivity and temperature, as given by
Lifshitz theory, strongly depends on the model used for metal. 

Energy correction factor ηE ηE=E/Eid

Thermal correction for ideal plates

Thermal correction + plasma model 

Plasma model, zero temperature

Drude model (with dissipation) + temperature

Nota bene: Dissipation produces a repulsive effect



MathematicalMathematical originorigin of the of the largelarge thermalthermal
correctioncorrection in in dissipativedissipative metalsmetals

Using complex integration techniques, one can write the free energy as a sum over discrete imaginary
frequencies ξl (Matsubara frequencies):

TM TE

TE zero-mode gives zero

TE zero-mode gives contribution

Dissipation

Zero-mode



ΔP(a,T) depends on low frequencies from kBT/ħ (infrared) down to microwaves. 

P0(a,T)  depends on T as a parameter and receives contributions form frequencies
around ωc=c/2a. Dissipation has little effect on P0(a,T) 

Contribution of 
zero-point fluctuations

Contribution of
Thermal radiation

Split the Casimir
Pressure P(a,T) as

Different frequencies contribute to P0(a,T) and ΔP(a,T)

A deeper physical insight is achieved by separating the thermal correction
from the contribution of zero-point fluctuations, and by looking at the 
spectrum along the real-frequency axis (Torgerson and Lamoreaux, 2004)   



The The largelarge thermalthermal correctioncorrection arisesarises fromfrom thermalthermal
evanescentevanescent waveswaves withwith transversetransverse electricelectric
polarizationpolarization (TE EW)(TE EW)

Solid line is for Au with T=300 K, a=1 μm. 
Dashed-line is for ideal metal.  
(from Torgerson and Lamoreaux, PRE 70 (2004) 047102)

Contribution to ΔP(a,T) from
TE Propagating waves

Dashed-line is for ideal metal

Contribution to ΔP(a,T) from
TE Evanescent waves (TE EW)

For zero dissipation this is zero.

Results for the Drude-model

Spectrum of the thermal correction
Torgerson and Lamoreaux (2004)

characteristic frequency
of the cavity



The The contributioncontribution fromfrom thermalthermal
EWEW

It is always repulsive
It does not vanish in the limit of vanishing dissipation
It is zero for strictly zero dissipation (plasma model)
For metals without impurities, it  violates Nernst heat theorem (Bezerra et al.2004)
It involves low frequencies ω ≈ γ (Ωc/Ωp)2 ,  with Ωc=c/(2 a)  

Remark: for vanishing dissipation, the plasma model results are recovered
smoothly in the propagating sector and in the TM evanescent sector.   

Distinctive features are



Let us summarize the Physics of the problem

Ideal mirrors at T=0:  cavity has standing modes
TM  n=0,1,2,3...

TE n= 1,2...

Casimir Energy Zero-point energy of cavity modes

Ideal mirrors at T>0: cavity modes get populated

Free Energy receives contribution from thermal photons

Finite  plasma frequency (any T): cavity modes penetrate walls a bit.

Dissipation:
spectrum of modes broadens a bit (small thermal correction)

TE EW appear

N
O

 TE EW

Large thermal correction



What is the physics behind the  large thermal
TE EW contribution?

The sudden appearence of a new sector of e.m. fluctuations as soon as
dissipation is turned on indicates that these fluctuations are related to
a NEW physical phenomenon characteristic of conductors, that is absent
when dissipation is zero.

Hint: the relevant low-frequency thermal TE EW consist of a continuous
spectrum of fluctuating magnetic fields. 

What produces these fields?

The Johnson-Nyquist currents (1928) inside the plates.  

PhysicalPhysical PicturePicture:  Johnson currents in either plate induce (correlated) eddy currents in
the other plate.  Repulsion arises from the magnetic interaction between them.  



E

a noisy resistor can be modelled by a 
noiseless resistor connected to either
a e.m.f. or a current noise generator
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Johnson noise
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White noise spectrum

Johnson noise is the electronic noise generated by thermal agitation of charge carriers
inside a conductor at thermal equilibrium

Random e.m.f generator
Random current generator

Noiseless resistor



Two nearby metallic wires

a

The circuit equations (low-frequency approx.)

Random e.m.f.

Wires mutual inductance

Wires self-inductance

Thermal interaction between two nearby metallic wires
G. Bimonte, New. J. Phys. 9, 281 (2007)

Force between the wires:



Thermal interaction between two nearby noisy resistors
G. Bimonte, New. J. Phys. 9, 281 (2007)

( )
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The force si always repulsive.

For vanishing R, the force does not vanish

Free-energy

For low T (in metals without impurities)  R vanishes like T2 . Then

Nernst th. violated



Thermal interaction between two nearby noisy resistors
G. Bimonte, New. J. Phys. 9, 281 (2007)

Summarizing : the electrodynamic interaction between Johnson and eddy
currents gives rise to a force that: 

is repulsive
does not vanish for R→0
vanishes for strictly dissipationless wires R=0
violates Nernst th. (for wires with no impurities) 

All this is as in the thermal Casimir effect

supporting our Physical picture of the large thermal
correction to the Casimir pressure, as originating from
Johnson currents in the plates.   



Thermal interaction between two nearby noisy resistors
G. Bimonte, New. J. Phys. 9, 281 (2007)

Question: have we missed anything?

Yes: a finite wire has end-points, where charges build up

In our circuit equations we should take account of this, by including a 
capacitance

Capacitances act as high-pass filters and block low frequencies



Thermal interaction between two nearby noisy resistors
G. Bimonte, New. J. Phys. 9, 281 (2007)

Inclusion of capacitances ensures that

the force vanishes for vanishing R
the entropy vanishes for T=0 

Indeed

There still is a range of T for which
Entropy is negative



However:  each wire being a RLC circuit, it possesses an associated
free energy

Inclusion of the wires self-entropy makes the total entropy of the system positive
at all temperatures, while respecting Nernst th.

Thermal interaction between two nearby noisy resistors
G. Bimonte, New. J. Phys. 9, 281 (2007)

Inclusion of capacitances for the end-points gives a fully satisfactory picture



Thermal interaction between two nearby noisy resistors
G. Bimonte, New. J. Phys. 9, 281 (2007)

Are  edge effects important in the case of bulk plates of size L?

It depends

At room temperature, if a « L, edge effects are expected to be unimportant. 

If a ≈ L, as in MEMS, edge effects become important

At low temperature, the problem is more complicated. Spatial correlation of Johnson
currents (anomalous skin effect) suppress fluctuations at small scales. 
If correlations extend over distances comparable to L, edge effects become important.
(work in progress)  

Recall that typical size of current fluctuations is of order of plates separation a



ConclusionsConclusions

JohnsonJohnson noisenoise providesprovides the the physicalphysical explanationexplanation of the of the largelarge
thermalthermal correctioncorrection toto the the CasimirCasimir pressurepressure in in metallicmetallic cavitiescavities

JohnsonJohnson noisenoise existsexists onlyonly in in conductorsconductors withwith dissipationdissipation. . ItIt isis thereforetherefore
explainedexplained whywhy largelarge thermalthermal correctionscorrections are are absentabsent in in modelsmodels whichwhich neglectneglect
dissipationdissipation

EdgeEdge effectseffects arisingarising fromfrom finite finite sizesize of the of the conductorsconductors resolveresolve allall
thermodynamicalthermodynamical incosistenciesincosistencies in the case of in the case of wireswires

EdgeEdge effectseffects are are exectedexected toto bebe unimportantunimportant forfor closelyclosely spacedspaced bulk bulk platesplates at at 
room temperature, room temperature, butbut maymay bebe importantimportant forfor a a resolutionresolution of  of  
thermodynamicalthermodynamical inconsistenciesinconsistencies at at lowlow temperature (work in progress)temperature (work in progress)



TE EW and TE EW and heatheat
transfertransfer

ThermalThermal EW EW givegive the the dominantdominant contributioncontribution toto
radiativeradiative

heat transfer between two metallic surfaces, heat transfer between two metallic surfaces, 
separated separated byby

anan emptyempty gap, at gap, at submicronsubmicron separationsseparations
((PolderPolder--vanvan HoveHove (1971)).(1971)).

The The frequenciesfrequencies involvedinvolved are are samesame asas in in 
thermalthermal

correctionscorrections toto the the CasimitCasimit force. force. ThereforeTherefore, , 
heatheat

transfer transfer givesgives informationinformation on on thermalthermal TE EW TE EW 
(G. (G. BimonteBimonte, PRL 96 (2006) 160401)., PRL 96 (2006) 160401).

radiation

T1 >      T2

Empty
gap

a



The power S of heat transfer

The contribution to S from EW :

We have compared the powers S of heat transfer impled by various
models of dielectric functions and surface impedances, 
that are used to estimate the thermal Casimir force 
(Bimonte, G. Klimchitskaya and V.M. Mostepanenko (2006) submitted).

Note again that SEW vanishes if the reflection coefficients are real



The Drude model (Lifshitz theory):

The surface impedance of the normal skin effect ZN:

The surface impedance of the Drude model  ZD:

A modified form of the surface impedance of 
infrared optics, including relaxation effects Zt
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Models for the metal
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The measurements from Hargreaves
were compared with the theoretical
expression impled by the Drude model,
showing only qualitative agreement. 



CONCLUSIONSCONCLUSIONS

The controversy on thermal Casimir effect for real metals originates from
difficulties with thermal TE EW radiated by metal surfaces.

Thermal TE EW are also probed by experiments on radiative heat transfer. 

It is important to have new experiments on heat transfer for the metals used in
Casimir experiments.
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