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Abstract. Here we review our work on measurement of the Casimir force between a large aluminum coated a sphere and flat plate using an atomic force microscope. The average statistical precision is 1% of the force measured at the closest separation. We have also shown nontrival boundary
dependence of the Casimir force.
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1. Introduction
Casimir forceP[1,2] results from the alteration by the metal boundaries of the zero point
energy E = 1
n 1=2~!n, where ~!n is the photon energy in each allowed photon mode
n. The regularized zero point energy per unit area between two parallel plates of infinite
conductivity separated by a distance z is given by [1,2]
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This results in a Casimir force per unit area F=A = ÆU=Æz = ( 2 ~c=240)(1=z 4). It is
a strong function of z and is measurable only for z < 1 m. Experimentally it is hard to
configure two parallel plates uniformly separated by distances less than a micron. However,
when one plate is spherical eq. (1) can be modified; and the force for this geometry can
be obtained by the use of proximity force theorem [3]. The modified Casimir force in
plate-sphere geometry is given by
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where R is the radius of curvature of the spherical surface. The finite conductivity of the
metal leads to a correction which for a given metal plasma frequency ! p is [4,5]
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Such a correction also can be accomplished through use of Lifshitz theory [6]. Using
macroscopic fluctuation theory Lifshitz generalized the Casimir force between any two
infinite dielectric half spaces as the force between fluctuating dipoles induced by the zero
point electromagnetic fields and obtained the same results as Casimir for two perfectly
reflecting (infinite conductivity) flat plates. For a metal with a dielectric constant the force
between a large sphere and flat plate is given by
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(i )
where s =  1 + p2  (i ) = 1 + 2 0 !
!2 +2 d! is the dielectric constant of the
metal, and 00 is the imaginary component of .  is the imaginary frequency given by
! = i . There are at least two other corrections to the Casimir force resulting from 1)
the stochastic roughness of the surface, which changes the surface separation [7,8] and, 2)
thermal correction [9].
If we replace the flat plate by a sinusoidally corrugated (period = ) plate the averaged
regularized energy per unit area from eq. (1) will be modified to
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where h i stands for average over the size L of the plate, and A is the amplitude of the
sinusoidal corrugation. Using poximity force theorem the corresponding force is

F

= 2R

hU i:

(6)

In practice one needs to replace z in above eqs (1)–(6) by z + z 0 , where z0 is the mean
surface separation after contact due to the stochastic roughness (+ the periodic corrugation
for corrugated surface) of the metal coating. For the corrugated surface the origin of the
measurement of z 0 is taken such that the mean oscillation of the corrugation is zero. In the
above,   L and z + z 0 > A have been used (perturbative approximation). The nonzero
even power coefficients in eq. (5) are C 0 = 1; C2 = 3; C4 = 45=8; C6 = 35=4.
The Casimir force has been measured between two flat plates [10], and a large sphere
and flat plate [11–13]. Spring balances were used in [10] and torsion pendulum in [11].
We have measured the Casimir force using an atomic force microscope (AFM). Our experimental results agree with the theory with an average rms deviation 1% [12,13]. Theoretical
treatments of the Casimir force have shown that it is a strong function of the boundary geometry [14,15]. Using periodic uniaxial corrugated surface (PUSC) we have demonstrated
the nontrivial boundary dependence of the Casimir force [16].

2. Experiments
Schematic of the experiment is shown in figure 1. We used standard atomic force microscope (AFM) to measure the force between a metal coated flat (or corrugated) plate and
240
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a sphere at a pressure below 50 m Torr and at room temperature. The detail of the experiments are discussed in refs [12,13]. Polysterene sphere of 200  4 m diameter were
mounted on the tip of 320 m long cantilevers with Ag epoxy. An optically polished sapphire plate of diameter 10 mm was used to represent the flat plate. To get PUSC surface a
diffraction grating with a uniaxial sinusoidal corrugation of period  = 1:1 m and amplitude of 90 nm was used. The radius of the sphere is much greater than the periodicity and
the surface separation. The cantilever (with sphere), corrugated plate, and flat plate were
coated with 250 nm of Al (measured with AFM) in a thermal evaporator. Al metal was
chosen because of its high reflectivity at short wavelengths (corresponding to close surface
separations). Alternatively, as Al is a simple metal and its  can be well represented with
the free electron model of metals with a plasma frequency ! p , as it does not have inter!2

band resonances in the region of interest [17]. In such representation (i ) = 1 + 2 +p 
is the dielectric constant of Al,  is the imaginary frequency given by ! = i . The wavelength, p , corresponding ! p is 100 nm [17]. is the relaxation frequency corresponding
to 63 meV [17]. Both representations of , lead to similar results for surface separations
and experimental uncertainties being reported. To minimize any space charge effect due
to patch oxidation of the Al surfaces all surfaces are then coated with 8 nm layer (measured by AFM) of 60% Au/40% Pd, to form a nonreactive and conductive top layer. For
this thickness of Au–Pd coating the measured transparency is 90% for  < 300 nm. The
sphere diameter, measured by scanning electron microscope (SEM), is 194.6  0.5. For
the PUSC surface the amplitude of the corrugation of the metal coating is measured to be
59.4  2.5 nm (using both AFM and SEM). The rms roughness for the metallized surface
is 4.7 nm (measured using AFM). The roughness correction for our experiment was 1.3%
of the maximum measured force. The temperature correction is less than 1% of the Casimir
force for the surface separations reported here.

Figure 1. Schematic of the experiment.
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Figure 2. Open circles are the measured Casimir force between a flat plate and sphere.
Solid squares are the Casimir force between corrugated surface and the same sphere.
The solid line is the corresponding theoretical Casimir force using eq. (6) for latter
configuration. Dashed line is the theoretical Casimir force obtained by setting A = 0
in eq. (6) for the former configuration.

3. Results and discussion
A force between sphere and the plate causes the cantilever to tilt. This tilt is detected by the
deflection of the laser beam leading to a difference signal between photodiodes A and B.
This force and the corresponding cantilever deflection are related by Hooke’s law: F = kz
where k is the force constant and z is the cantilever deflection. The cantilever is calibrated
and the residual potential difference between the grounded sphere and plate is measured
using the electrostatic force between them. The detail of the calibration procedure is elaborated in refs [12,13]. This residual potential arises from the different materials used to
fabricate the sphere and the flat plate. The correction due to piezo hysteresis and cantilever
deflection were applied as reported in refs [12,13]. We have also measured z 0 , the average
surface separation on contact of the two surfaces, by electrostatic means [13]. To measure
z0 the plate is connected to a dc voltage supply (calibrated against the voltage standards)
while the sphere remains grounded. The value of z 0 is found out to be 494 nm for the
flat plate and 1325 nm for PUSC surface. Given 8 nm Au/Pd coating on each surface this
would correspond to an average surface separation 1325+8+8=148 nm for the case of
Casimir force measurement for PUSC surface and 494+8+8 for flat plate.
The main systematic error corrections to the total force curve are due to 1) the electrostatic force between sphere and the plate, 2) linear coupling of scattered light from
the moving plate into the diodes. Each force scan was fitted with the function form
F = Fc (z + z0 ) + Fe (z + z0 ) + cz; Fc is the Casimir force contribution to the total
force, Fe is the electrostatic correction (1), and the third term is correction due to scattered
light (2). Only the points above 400 nm are used in this fit as Casimir force is insignificant at a large distance and electrostatic force dominates. After subtraction of the system-
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atic error corrections from the net force curve one obtains the measured Casimir force as
Fc m = Fm Fe cz . The experiment is repeated for 15 scans and the average Casimir
force measured is shown as open circles in figure 2. The experiment and the analysis were
repeated for same sphere and an identically coated corrugated plate. The average measured
Casimir force of 15 scans is shown by solid squares in figure 2.
The theoretical curve for the force between sphere and the corrugated plate given by eq.
(6) with no adjustable parameters is shown as a solid line in the same figure. As seen in
the figure there is a significant deviation between measured force from perturbative theory.
The theoretical Casimir force due to flat plate and the sphere obtained by setting A = 0
in eq. (6) is shown by dashed line, which is in good agreement with experiment. We
have shown elsewhere [12,13] using eqs (3) and (4) one gets the fit with experimentally
measured Casimir force between Al-coated sphere and the flat plate within 1% accuracy.

4. Conclusion
The Casimir force was measured between sphere and the flat plate. The statistical measure
of the experimental precision is of the order of 1% of the force at the closest separation.
The measured Casimir force between large sphere and the corrugated plate is significantly
different from the perturbative theory which account only for changes in separation between surfaces, neglecting the diffractive effect associated with the corrugated surfaces.
More detailed understanding is in progress at UC, Riverside.
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