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Precision Measurement of the Casimir Force from 0.1 to0.9 mm
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(Received 8 May 1998; revised manuscript received 5 October 1998)

We have used an atomic force microscope to make precision measurements of the Casimir
between a metallized sphere of diameter 196mm and flat plate. The force was measured for plate
sphere surface separations from 0.1 to 0.9mm. The experimental results are consistent with prese
theoretical calculations including the finite conductivity, roughness, and temperature corrections.
root mean square average deviation of 1.6 pN between theory and experiment corresponds to
deviation at the smallest separation. [S0031-9007(98)07763-1]
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In 1948 Casimir calculated an extraordinary proper
that two uncharged metallic plates would have an attra
tive force in vacuum [1]. This results from an alteratio
by the metal boundaries of the zero point electromagne
energy that pervades all of space as predicted by quan
field theory [1–3]. Similar forces result when the stron
or gravitational forces are altered by boundaries [3,4].
the case of the strong force, examples include atomic n
clei which confine quarks and gluons [3]. Because of t
topological dependence of the Casimir force, the natu
and value of this force can also imply a choice betwe
a closed or open universe and the number of space-ti
dimensions [3,4]. Here we report a precision measu
ment of the Casimir force between a metallized sphe
of diameter 196mm and a flat plate using an atomic
force microscope (AFM). The measurement is consiste
with corrections calculated to date. Given the broad im
plications of the Casimir force, precision measuremen
would motivate the development of accurate theories
the mechanical forces resulting from zero point ener
density [5].

Initially the Casimir force was thought to be simila
to the van der Waals force which is an attractive forc
between two neutral molecules [2]. The van der Waa
force results from the fluctuating dipole moment of th
materials involved. Lifshitz [6] generalized the van de
Waals force between two extended bodies as the force
tween fluctuating dipoles induced by the zero point ele
tromagnetic fields. The Lifshitz theory [6] and the relate
Casimir-Polder force [7] have been experimentally ver
fied with reasonable agreement to the theory [8,9]. Ho
ever, it was soon realized that unlike the van der Waa
force, the Casimir force is a strong function of geomet
and that between two halves of thin metal spherical she
is repulsive[2–4,10]. Despite the enormous theoretica
activity (see Ref. [3]), there have been only two expe
imental attempts at observing the Casimir force [11,12
The first by Sparnaay in 1958 [11] was not conclusiv
due to 100% uncertainty in the measurements. Last ye
in a landmark experiment [12] using a torsion pend
lum, Lamoureaux clearly demonstrated the presence of
0031-9007y98y81(21)y4549(4)$15.00
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Casimir force. Although the reported statistical precisio
was65%, significant correctionss.20%d due to the finite
conductivity of the metal surface were not observed [12
Also the roughness correction [13,14] was not observ
or estimated. This was probably due to the large expe
mental systematic error (the electrostatic force betwe
surfaces was 5 times the Casimir force) or due to a fo
tuitous cancellation of all corrections [13]. Nevertheles
the experiment has been used to set important theoret
constraints [15]. Thus there is a strong need to impro
the experimental precision and check the validity of th
theoretical corrections.

The Casimir force for two perfectly conducting paralle
plates of areaA separated by distanced is Fsdd 
2sp2h̄cy240d sAyd4d. It is the strong function ofd and
is measurable only ford , 1 mm. Experimentally it is
hard to configure two parallel plates uniformly separate
by distances less than a micron. So the preference is
replace one of the plates by a metal sphere of radiusR,
whereR ¿ d. For such a geometry the Casimir force i
modified to [12,16]

F0
c sdd  2

p3

360
R

h̄c
d3 . (1)

As the surfaces are expected to form a boundary to
electromagnetic waves, there is a correction due to
finite conductivity of the metal. This correction to secon
order based on the free electron model of the reflectiv
of metals [13,17] for a given metal plasmon frequenc
vp is

Fp
c sdd  F0

c sdd

"
1 2 4

c
dvp

1
72
5

√
c

dvp

!2#
. (2)

Given the small separationsd, there are also corrections
to the Casimir force resulting from the roughness of th
surface given by [13,14]

FR
c sdd  Fp

c sdd

"
1 1 6

√
Ar

d

!2#
, (3)
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whereAr is the average roughness amplitude, and equ
roughness for both surfaces has been assumed. Th
are also corrections due to the finite temperature [12,1
given by

Fcsdd  FR
c sdd

"
1 1

720
p2 fsjd

#
, (4)

where fsjd  sj3y2pdz s3d 2 sj4p2y45d, j 
2pkBTdyhc  0.131 3 1023d nm21 for T  300 ±K,
and z s3d  1.202 . . . , is the Riemann zeta function, and
kB is the Boltzmann constant.

We use a standard AFM to measure the force b
tween a metallized sphere and flat plate at a pressure
50 mTorr and at room temperature. A schematic di
gram of the experiment is shown in Fig. 1. Polystyren
spheres of200 6 4 mm diameter were mounted on the tip
of 300 mm long cantilevers with Ag epoxy. A 1.25 cm
diameter optically polished sapphire disk is used as t
plate. The cantilever (with sphere) and plate were th
coated with 300 nm of Al in an evaporator. Aluminum
is used because of its high reflectivity for wavelength
(sphere-plate separations).100 nm and good representa-
tion of its reflectivity in terms of a plasma wavelength
lp , 100 nm [19]. Both surfaces are then coated wit
a less than 20 nm layer of60% Auy40% Pd (measured
at . 90% transparency forl , 300 nm [20]). This was
necessary to prevent any space charge effects due to p
oxidation of the Al coating. A scanning electron micro
scope (SEM) image of the coated cantilever with sphe
attached is shown in Fig. 2. The sphere diameter w
measured using the SEM to be196 mm. The average
roughness amplitude of the metallized surfaces was m
sured using an AFM to be 35 nm.

In the AFM, the force on a cantilever is measured b
the deflection of its tip. A laser beam is reflected off th
cantilever tip to measure its deflection. A force on th
sphere would result in a cantilever deflection leading
a difference signal between photodiodesA andB (shown

FIG. 1. Schematic diagram of the experimental setup. App
cation of voltage to the piezo results in the movement of th
plate towards the sphere. The experiments were done at a p
sure of 50 mTorr and at room temperature.
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in Fig. 1). This force and the corresponding cantilev
deflection are related by Hooke’s law:F  kDz, wherek
is the force constant, andDz is the cantilever deflection.
The piezoextension with applied voltage was calibrat
with height standards, and its hysteresis was measur
The corrections due to the piezohysteresis (2% line
correction) and cantilever deflection (to be discuss
later) were applied to the sphere-plate separations in
collected data.

To measure the Casimir force between the sphere a
plate they are grounded together with the AFM. Th
plate is then moved towards the sphere in 3.6 nm ste
and the corresponding photodiode difference signal w
measured (approach curve). The signal obtained fo
typical scan is shown in Fig. 3(a). Here “0” separatio
stands for contact of the sphere and plate surfaces.
does not take into account the absolute average separa
$120 nm due to the 20 nm AuyPd layer (transparent at
these separations [20]) and the 35 nm roughness of the
coating on each surface. Region 1 shows that the fo
curve at large separations is dominated by a linear sign
This is due to increased coupling of scattered light into t
diodes from the approaching flat surface. Embedded
the signal is a long range attractive electrostatic force fro
the contact potential difference between the sphere and
plate and the Casimir force (small at such large distance
In region 2 (absolute separations between contact a
350 nm) the Casimir force is the dominant characteris
far exceeding all the systematic errors (the electrosta
force is less than 3% of the Casimir force in this region
Region 3 is the flexing of the cantilever resulting from
the continued extension of the piezo after contact
the two surfaces. Given the distance moved by the fl
plate (x axis), the difference signal of the photodiode
can be calibrated to a cantilever deflection in nanomet
using the slope of the curve in region 3. The deflectio
of the cantilever leads to a decrease in the sphere-p

FIG. 2. Scanning electron microscope image of the metalliz
sphere mounted on a AFM cantilever.
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FIG. 3. (a) A typical force curve as a function of the
distance moved by the plate; (b) the measured Casimir fo
corresponding to (a) as a function of sphere-plate surfa
separation. The solid line is the theoretical Casimir force fro
Eq. (4).

separation in regions 1 and 2 which can be corrected
use of the slope in region 3. This cantilever deflectio
correction to the surface separation is of the order
1% and is given asd  dpiezo 2 Fpdym, whered is the
corrected separation between the two surfaces,dpiezo is
the separation from the voltage applied to the piezo, i.
x axis of Fig. 3(a),m is the slope of the linear curve
in region 3, andFpd is the photodiode difference signa
shown along they axis in Fig. 3(a). The use of Hooke’s
law to describe the force is validated by the linearity o
the photodiode difference signal with cantilever deflectio
in region 3.

Next, the force constant of the cantilever was ca
brated by an electrostatic measurement. The sphere
rce
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m
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n
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l
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n
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grounded to the AFM and different voltages in the ran
of 60.5 to 63 V were applied to the plate. The force be
tween a charged sphere and plate is given as [21]

F  2p´0sV1 2 V2d2
X̀
n1

cschnascotha 2 n cothnad .

(5)

HereV1 is the applied voltage on the plate, andV2 repre-
sents the residual potential on the grounded sphere.a 
cosh21s1 1 dyRd, where R is the radius of the sphere
andd is the separation between the sphere and the pl
From the difference in force for voltages6V1 applied to
the plate, we can measure the residual potential on
grounded sphereV2 as 29 mV. This residual potential is
a contact potential that arises from the different materi
used to ground the sphere. The electrostatic force m
surement is repeated at five different separations and
eight different voltagesV1. Using Hooke’s law and the
force from Eq. (5) we measure the force constant of t
cantileverk. The average of all of the measuredk was
0.0182 Nym.

The systematic error corrections to the force curve
Fig. 3(a), due to the residual potential on the sphere a
the true separations between the two surfaces, are
culated similar to Ref. [12]. Here the near linear forc
curve in region 1 is fit to a function of the formF 
Fcsd 1 d0d 1 Bysd 1 d0d 1 Csd 1 d0d 1 E. Hered0
is the absolute separation on contact, which is constrain
to 120 6 5 nm, and is the only unknown to be completel
obtained by the fit. The second term represents the
verse linear dependence of the electrostatic force betw
the sphere and the plate forR ¿ d as given by Eq. (5)
(verified during the force calibration step) [12].B 
22.8 nN nm corresponding toV2  29 mV, andV1  0
in Eq. (5) is used. The third term represents the linea
increasing coupling of the scattered light into the phot
diodes, andE is the offset of the curve. BothC and E
can be estimated from the force curve at large separatio
The best fit values ofC, E, and the absolute separationd0
are determined by minimizing thex2. The finite con-
ductivity correction and roughness correction (the large
corrections) do not play a significant role in region 1, an
thus the value ofd0 determined by the fitting is unbi-
ased with respect to these corrections. These values oC,
E, andd0 are then used to subtract the systematic err
from the force curve in regions 1 and 2 to obtain the me
sured Casimir force assFcdm  Fm 2 Byd 2 Cd 2 E,
whereFm is the measured force. Figure 3(b) is the me
sured Casimir force corresponding to the force curve
Fig. 3(a). The solid line is the theoretical Casimir forc
curve of Eq. (4) with the finite conductivity, roughness
and temperature corrections.

This procedure is repeated for 26 scans in different
cations of the flat plate. The average measured Casi
force sFcdm as a function of sphere-plate separation fro
all the scans is shown in Fig. 4 as solid squares. T
4551
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FIG. 4. The measured average Casimir force as a funct
of plate-sphere separation for 26 scans is shown as squ
dots. The error bars show the range of experimental d
at representative points. The theoretical Casimir force fro
Eq. (4) with all corrections is shown as a solid line. Th
rms deviation between the experiment and theory is 1.6 p
The dash-dotted line is the Casimir force without the finit
conductivity, roughness, or temperature correction [Eq. (1
which results in a rms deviation of 6.3 pN. The dashed lin
includes only the finite conductivity correction [Eq. (2)] which
results in a rms deviation of 5.5 pN. The dotted line include
only the roughness correction leading to a rms deviation
48 pN.

height of the solid square corresponds to the average
viation observed in the 26 scans. The theoretical Casim
force from Eq. (4), with no adjustable parameters,
shown as a solid line. The plasma frequencyvp corre-
sponding to a wavelength of 100 nm was used in the the
retical curve [19]. The root mean square (rms) deviatio

s 
q

sFexpt 2 Fthd2yN  1.6 pN, whereFexpt andFth

are the experimental and theoretical Casimir force valu
respectively, andN  256 is the number of data points.
This deviations which is 1% at the smallest surface sepa
ration can be taken as a statistical measure of the exp
mental precision. The dash-dotted line in Fig. 4 is th
Casimir force without the finite conductivity, roughness
or temperature corrections [Eq. (1)] which results in as

of 6.3 pN (5% deviation at the smallest surface sepa
tion) between experiment and theory. The dashed li
includes only the finite conductivity correction [Eq. (2)
which results in as of 5.5 pN (5% deviation at the small-
est separation). The dotted line includes only the roug
ness correction leading to as of 48 pN (40% deviation
at the closest separation). The theoretical finite condu
tivity correction and roughness correction are observed
be consistent with the measurement. The experiment
been repeated for different cantilevers, spheres, and pla

In conclusion, we have performed a precision measu
ment of the Casimir force between a metallized sphere a
4552
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a flat plate using an AFM. The measured Casimir force
consistent with the corrections for the finite conductivity
and roughness of the metal surfaces. With lithograph
fabrication of cantilevers with a large radius of curvature
interferometric detection of cantilever deflection, and us
of lower temperatures to reduce thermal noise, a factor
over 1000, improvement in the precision should be po
sible in the future using this technique. Given the broa
implications of the Casimir force such precision measure
ments should allow for careful checks of the mechanic
properties of vacuum.
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