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Observation of the skin-depth effect on the
Casimir force between metallic surfaces
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We have performed measurements of the Casimir force between a
metallic plate and a transparent sphere coated with metallic films
of different thicknesses. We have observed that, if the thickness of
the coating is less than the skin-depth of the electromagnetic
modes that mostly contribute to the interaction, the force is
significantly smaller than that measured with a thick bulk-like film.
Our results provide direct evidence of the skin-depth effect on the
Casimir force between metallic surfaces.

Casimir effect | microelectromechanical systems | vacuum fluctuations |
zero point energy

In 1948, H. B. G. Casimir showed that two electrically neutral,
ideally metallic plates kept parallel in vacuum should mutually
attract under the influence of a purely quantum force (1, 2). The
plates define a cavity that supports only electromagnetic modes with
nodes on the boundaries. The electromagnetic energy associated
with each of these modes is glven by E; = Tiwi(n; + ) where7i is the
reduced Planck constant, w; is the angular frequency, and n; is the
number of real photons at that frequency. Because the plates are in
vacuum, where there are no real sources, #; is equal to zero at all
frequencies. However, the energy associated with each mode does
not vanish: quantum fluctuations of the electromagnetic field give
rise to a non-null Contrlbutlon even in vacuum. The electromagnetic
energy is thus given by E = 13, fiw;, where the sum runs over the
modes allowed between the plates. The Casimir force arises from
the fact that the set of frequencies that the cavity supports, and,
thus, the electromagnetic energy associated with the fluctuations of
the electromagnetic field, depend on the distance between the
plates d. The derivative of E with respect to d is always negative: the
force is thus attractive.

A few years after Casimir’s paper, E. M. Lifshitz generalized
Casimir’s theory to dielectrics (3). At very short distances,
Lifshitz’s theory provides a complete description of the nonre-
tarded van der Waals force. At larger separations, retardation
effects give rise to a long-range interaction that in the case of two
ideal metals in vacuum reduces to Casimir’s result.

The Casimir effect has witnessed renewed experimental in-
terest since the precision measurements by S. K. Lamoreaux (4).
All recent Casimir force experiments have been performed by
using surfaces covered with a thick metallic layer (4-11). In this
case, the dielectric function of the film can be considered equal
to the tabulated value for the corresponding bulk metal, and the
expected force can be calculated with high accuracy. The com-
parison of the theoretical predictions with experimental results
has allowed new limits to be set on the existence of extragravi-
tational forces at short distances and has contributed to discus-
sions concerning temperature corrections to the Casimir effect
(see, for example, refs. 12-14).

On the other hand, the use of much thinner metallic coatings
over transparent dielectrics should reveal an interesting phe-
nomenon. At sub-um distances, the Casimir force critically
depends on the reflectivity of the interacting surfaces for
wavelengths in the UV to far-infrared (3, 15). The attraction
between transparent materials is expected to be smaller than that
between highly reflective mirrors as a result of a less effective
confinement of electromagnetic modes inside the optical cavity
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defined by the surfaces. A thin metallic film can be transparent
to electromagnetic waves that would otherwise be reflected by
bulk metal. In fact, when its thickness is much less than the
skin-depth, most of the light passes through the film. Conse-
quently, the Casimir force between metallic films should be
significantly reduced when its thickness is less than the skin-
depth at UV to infrared wavelengths. For most common metals,
this condition is reached when the thickness of the layer is
=100 A.

In this article, we present direct evidence of the skin-depth
effect on the Casimir force between two dielectrics coated with
metallic thin films. We have measured the Casimir force between
a thick metal and a polystyrene sphere covered with a =100-A
metallic film. The results are compared with those obtained after
evaporating a thicker layer of metal (=2,000 A) onto the same
sphere. Our experiment shows that the Casimir attraction is
significantly smaller when the sphere is coated with the thin film.
This finding is confirmed by calculations.

Our experimental apparatus (see Fig. 1), which resembles the
one described in ref. 9, is designed to measure the force between
a sphere and a plate at sub-um distances with a force sensitivity
on the order of 10 pN. The measurement is carried out by
positioning the sphere on top of a micromachined torsional
balance (MTB), and measuring the rotation angle of the balance
induced by the Casimir attraction with the sphere as a function
of the separation of the surfaces.

The MTB is similar to a microscopic seesaw. Two thin
torsional rods keep a gold-coated polysilicon plate (500 um X
500 wm) suspended over two polysilicon electrodes symmetri-
cally located on each side of the pivot axis. The capacitance
between the top plate and each bottom electrode depends on the
tilting angle 0. When an external force F induces a rotation of the
top plate, one of the two capacitances increases by 6C « 6 « F,
while the other decreases by the same amount. An electronic
circuit allows measurements of 8C with a sensitivity on the order
of 10 pF, corresponding to 6 = 1077 rad. Because the spring
constant of the seesaw ks is ~1078 Nm/rad, the sensitivity in the
torque measurement is approximately equal to k;0 = 10715 Nm,
which corresponds to a force of 10 pN in our experiment (15).

The MTB is glued to a chip package and mounted inside a
chamber that can be pumped down to =1073 mTorr. A 100-um
radius polystyrene sphere, mounted on the end of a rigid support
and coated with a metallic layer, is clamped to a manipulator that
can bring the sphere close to the top plate of the MTB and
controls the distance between the two surfaces. The manipulator
consists of a triaxial stage for rough positioning and a piezo-
electric translator (calibrated with an optical profiler) for fine
tuning of the distance (see Fig. 1).

To measure the Casimir force as a function of distance, we
have followed the method described in ref. 15. After the chamber
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Fig. 1. Sketch of the experimental set-up (not to scale). (Inset a) Sketch of the
working principle of the micromachined torsional device. (Inset b) Layout of
our experimental configuration. 1, the polystyrene sphere; 2, the gold-coated
top plate of the micromachined torsional device; 3, vacuum; 4, the titanium
adhesion layer; 5, the palladium film.

is evacuated, the piezoelectric stage is extended toward the MTB
to reduce the separation between the sphere and the plate until
the distance is only a few nanometers larger than the jump-to-
contact point (i.e., the distance at which the restoring torque of
the seesaw is not sufficient to overcome the external torque
induced by the Casimir force, causing the plate to come into
contact with the sphere). The output of the capacitance bridge
A is then recorded as a function of the voltage applied to the
sphere Viias, Which is scanned a few hundred millivolts around
the so-called residual voltage V), (=200 mV), i.e., the electro-
static potential drop arising from the difference of the work
functions of the two films (16) plus the potential difference
generated by the metallic contacts of the electronics (4). The
read-out system is designed so that A4 is proportional to 8C and,
therefore, to F:

(Vbias + V0)2
(d() - dpz)

where g is the permittivity of vacuum, R is the radius of the
sphere, d,, is the extension of the piezoelectric stage, dy is the
distance between the sphere and the plate when the piezoelectric
stage is not extended, and F¢ is the Casimir force. The distance
d between the sphere and the plate is given by dy — dp; although
the calibration of the piezoelectric stage provides d,, with a
precision of <1 nm, do is a priori unknown and must be
determined independently for an accurate comparison of exper-
iment with theory (17). In addition, it is worth stressing that c;
is also unknown at this point, because the MTB has not yet been
calibrated.

The measurement of A4 as a function of Vi, is then repeated
for different values of d, which is changed by sequentially
retracting the piezoelectric stage by a few nanometers.

For each value of d, data are interpolated with a generic
quadratic equation y = a(x + xo)> + B, where «, B, and x, are
free parameters. Note that

A= ClF = C1807TR + Cl‘FC|? [1]

gomR

a = Cq m. [2]

By fitting « as a function of d, it is thus possible to determine
dp and c;. Once c; is known, F¢ can be calculated by means of

11990 | www.pnas.org/cgi/doi/10.1073/pnas.0505614102

350

300 -
250 - ‘i

$
200 - &

150

F (pN)

100 -

50 +

B2 B @ 0 0 s s e ]
0.0 0.2 0.4 0.6

d (um)

Fig. 2. Experimental results of the measurement of the force as a function
of the separation between the interacting surfaces. Filled circles indicate data
obtained with a metallic thick film; open circles indicate those obtained with
a thin film on the same sphere.

_k
IFe| = e [3]

Because dj has also been determined, one can finally plot F¢ as
a function of the distance between the sphere and the plate, d =
do — dp,.

Demlz)nstrating the skin-depth effect requires careful control
of the thickness and surface roughness of the films. The sphere
was glued to its support and subsequently coated with a 29 * 2
A titanium adhesion layer and a 92 + 3 A film of palladium. The
thickness of the titanium layer and of the palladium film was
measured by Rutherford back scattering on a silicon slice that
was evaporated in close proximity to the sphere. After evapo-
ration, the sphere was imaged with an optical profiler to deter-
mine its roughness, and mounted inside our experimental ap-
paratus. After completion of the Casimir force measurements,
the sphere was removed from the experimental apparatus,
coated with an additional 2,000 A of palladium, analyzed with
the optical profiler, and mounted back inside the vacuum
chamber for another set of measurements. It is important to
stress that the surface roughness measured before and after the
deposition of the thicker palladium layer was the same within a
few percent.

In Fig. 2, we compare the results of the thin film measurements
with those obtained after the evaporation of the thick layer of
palladium. We repeated the measurement 20 times for both the
thin and thick films.

Our results clearly demonstrate the skin-depth effect on the
Casimir force. The force measured with the thin film of palla-
dium is in fact smaller than that observed after the evaporation
of the thicker film. Measurements were repeated with a similar
sphere: the results confirmed the skin-depth effect. To rule out
possible spurious effects, we have compared our data with a
theoretical calculation.

The Casimir force between a sphere and a plate can be
calculated according to the well known Lifshitz equation (3):

h o0 o0
rew = s r [ ae [ Capeoe{ o 1 - st
0 1

+ log[ 1- Ag?Agé)eX] } [4]
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Fig. 3. Comparison between experimental data and theory. Filled circles
indicate data obtained with a thick film; open circles indicate those obtained
with a thin film. Continuous and dashed lines represent theoretical predic-
tions for thick and thin films, respectively. The dotted line corresponds to the
best fit of thin film data obtained by using equation y = C/d3, where Cis an
adjustable parameter.

_ Sij - Sjsk

) — @ 2k %
Ajk Sij + Sjsk A]k Sk + S] [5]
2d \es e
oo e e (6]
c €3

where 7 and ¢ are the usual fundamental constants, and &1, &,

g3 are the dielectric functions of the sphere, the plate, and the

intervening medium, respectively, evaluated at imaginary fre-

quencies i&

2 [ * x-Imeg(x)
J ——5 5 dx. [71

gl(i) =1+ p 2+ 8

If the sphere is covered with an adhesion layer of thickness ¢4 plus
a coating film of thickness #s, the force is still given by Eq. 4, with
A replaced with (18):

X1585

ALY + AN Ve pd

A(311’2) - X155 [8]
1+ ALPA e pd
AL + AYPe i
(1,2
As(l 2 = X454 [9]

14+ ALPALYe™ pd

where the subscripts 4 and 5 refer to the adhesion layer and to
the coating film, respectively, as shown in Fig. 1. Surface
roughness further modifies the Casimir force. This correction
can be calculated according to (19):

FED(@) = S vrhPEB(d — (567 + 571)),  [10]

L]

where v; is the probability that the surface of the sphere
(superscript sp) or of the plate (superscript pl) is displaced by an
amount §; with respect to the ideally smooth surface.

In Fig. 3, we compare our data with the theoretical result. The
dielectric function used in the calculation was obtained from refs.

1. Casimir, H. B. G. (1948) Proc. K. Ned. Akad. Wet. 51, 793-795.
2. Milonni, P. W. (1993) The Quantum Vacuum: An Introduction to Quantum
Electrodynamics (Academic, San Diego).
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20-23. The values of v as a function of & were extracted from 10
pm X 10 wm images obtained with an optical profiler. At close
distance (=100 nm), our data are smaller than the prediction, both
for the thin and for the thick film. This disagreement most likely lies
in the fact that, in the analysis of the data, we have neglected the
decrease of surface separation induced by the rotation of the top
plate of the MTB (9): this rotation modifies Eq. 1, and, thus, Eq. 2.
Furthermore, in equation Eq. 1, we have neglected the effect of
surface roughness on the electrostatic force, which might induce
errors in the determination of dy and c;. Finally, it is worth noting
that the calculated force at short distances strongly depends on the
roughness of the two surfaces (Eq. 10), with corrective factors that,
in our case, are as large as =25%. These corrections might give rise
to relevant errors in the calculations. "l

The experimental results obtained with the thin metallic film
are systematically smaller than those expected by the theoretical
calculation also at larger separations. To emphasize this behav-
ior, we have fitted thin film experimental and theoretical data
in the separation range from 100 nm to 300 nm, using equation
y = C/d? where C is a fitting parameter. For the experimental
data, the best unweighted fitting curve corresponds to nghpf“) =
1.15 X 103! Nm? (see Fig. 3). For the theoretical curve, the
best unweighted fit is achieved for C{M™ = 1.38 x 10~3! Nm3,
corresponding to a discrepancy between theory and experi-
ment of =17%. It is worth stressing that, for the case of the
thick metallic film, theory and data are in better agreement
in this separation range. With a similar analysis, in fact, one ob-
tains Cn® = 1.61 X 103 Nm? and C{"™™® = 1.66 X 103! Nm>.

The discrepancy observed in the case of the thin metallic film
is not surprising. The calculation of the force is based on two
approximations: (i) the dielectric function for the metallic layers
(both titanium and palladium) is assumed to be equal to the one
tabulated for bulk-materials and is considered independent of
the wave vector k, and (i) the model used to describe the
dielectric function of polystyrene is limited to a simplified
two-oscillator approximation (20). These assumptions might
lead to significant errors in the estimated force (25).

It is clear, however, that our data represent a direct evidence
of the skin-depth effect on the Casimir force. We have demon-
strated that the Casimir attraction between a metallic plate and
a metallized dielectric sphere depends on the thickness of the
metal layer deposited on the sphere. In particular, if the coating
is thinner than the skin-depth relative to the modes that mostly
contribute to the interaction, the force is significantly smaller
than what is expected for a thick, bulk-like film. This result might
suggest interesting solutions for micro- and nanomachinery
applications because it provides a technique to decrease the
Casimir attraction between two DC-conductive surfaces kept at
sub-um distances.

it is important to stress that more accurate models to calculate surface roughness correc-
tions to the Casimir force have been recently developed (see, for example, ref. 24).

loptical measurements do not allow us to distinguish topological details whose typical
dimensions are smaller than =500 nm. We have thus imaged the surface of one of the
spheres used for thick film measurement using an atomic force microscopy (AFM). The rms
value obtained overa 1 X 1 um?2 (=12 nm) is slightly smaller than what was obtained with
the optical profiler (=15 nm) over a larger area. Therefore, ignoring topological details not
accessible to optical profiler measurements does not affect the calculation of surface
roughness corrections.

This work was partially supported by the Nanoscale Science and Engi-
neering Center, under National Science Foundation Contract PHY-
0117795.
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