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Precision measurement of the Casimir force using gold surfaces
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A precision measurement of the Casimir force using metallic gold surfaces is reported. The force is mea-
sured between a large gold-coated sphere and flat plate using an atomic force microscope. The use of gold
surfaces removes some theoretical uncertainties in the interpretation of the measurement. The forces are also
measured at smaller surface separations. The complete dielectric spectrum of the metal is used in the com-
parison of theory to the experiment. The average statistical precision remains at the same 1% of the forces
measured at the closest separation. These results should lead to the development of stronger constraints on
hypothetical forces.

PACS number~s!: 12.20.Fv
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The Casimir force@1,2# has its origin in the zero-poin
electromagnetic vacuum fluctuations predicted by quan
electrodynamics. If two perfectly reflecting metal plates a
held parallel, then the alteration of the zero-point energy
the metal boundaries leads to an attractive force between
plates called the Casimir force@1,2#. Lifshitz @3# generalized
the force to any two infinite dielectric half-spaces as
force between fluctuating dipoles induced by the zero-po
electromagnetic fields and obtained the same result
Casimir for two perfectly reflecting~infinite conductivity!
flat plates. The Casimir force has been demonstrated betw
two flat plates@4# and a large sphere and a flat plate@5,6# and
its value shown to be in agreement with the theory to
average deviation of 1%@7–9#. For dielectric bodies the re
sulting force has been measured with reasonable agree
to the theory@10#. Theoretical treatments of the Casim
force have shown that it is a strong function of the bound
geometry and spectrum@11–13#. Experiments with periodi-
cally corrugated boundaries have also demonstrated the
trivial boundary dependence of the Casimir force@14#. Here
we report an improved precision measurement of the Cas
force between a metallized sphere of diameter 191.3mm and
a flat plate using an atomic force microscope~AFM!. The
use of gold surfaces and the related experimental change
the primary differences between the experiments repo
here and the last version of the experiment@9#. In the previ-
ous experiments@7,9#, Al surfaces were used due to the
high reflectivity and ease of fabrication. However, in order
prevent the effects of oxidation of the Al surfaces, a th
layer of sputtered Au/Pd was used on top of the Al surfa
This thin Au/Pd coating was treated in a phenomenolog
manner in the earlier experiments@7–9#. A more complete
theoretical treatment is complicated as nonlocal effects s
as spatial dispersion need to be taken into account in
calculation of the Casimir force@15#. Thus it is necessary to
use chemically inert materials such as gold for the meas
ment of the Casimir force that is reported here. The comp
dielectric properties of Au is used in the theory. An impo
tant application of Casimir force measurements is to deve
strong limits on hypothetical long-range forces and light
ementary particles such as those predicted by supersym
ric theories@16,17#. The use of gold surfaces with the high
densities should lead to large improvements in the calcula
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constraints of these hypothetical long-range forces. The
erage precision defined on the rms deviation between exp
ment and theory remains at the same 1% of the forces m
sured at the closest separation. The measuremen
consistent with the theoretical corrections calculated to d

The Casimir force is usually defined for two parall
plates separated by a distancez with the force generally mea
surable only forz<1 mm. However, it is hard to configure
two parallel plates uniformly separated by distances on
order of a micron. So one of the plates is replaced by a la
metal sphere of radiusR, whereR@z. For this sphere-plate
configuration, the Casimir force is modified to@18#: Fc

0(z)
5(2p3/360)R(\c/z3). This definition of the Casimir force
holds only for hypothetical metals of infinite conductivity
and a correction due to the finite conductivity of gold has
be applied. Such a correction can be accomplished thro
use of the Lifshitz theory@3,15,19#. For a metal with a di-
electric constant«, the force between a large sphere and fl
plate is given by Refs.@3,15#:

F0~z!5
R\

2pc2 E
1

`E
0

`

Pj2dp djH lnF12
~K2p!2

~K1p!2 e22pjz/cG
1 lnF12

~K2p«!2

~K1p«!2 e22pjz/cG J , ~1!

wherez is the surface separation,R is the sphere radius,K
5A«211p2,

«~ i j!511
2

p E
0

` v«9~v!

~v21j2!
dv

is the dielectric constant of gold and«9 is its imaginary
component.j is the imaginary frequency given byv5 i j.
Here the complete«9 extending from 0.125 eV to 9919 eV
from Ref. @20# along with the Drude model below 0.125 e
is used to calculate«( i j). In the Drude representation of th
dielectric properties in terms of the imaginary frequencyj,
«( i j)511vp

2/(j21gj), vp511.5 eV is the plasma fre
quency andg is the relaxation frequency corresponding to
meV. These values ofvp andg are obtained in the manne
detailed in Ref.@21#.
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There are also corrections due to the finite tempera
@22,23# given by: FT(z)5F0(z)@11(720/p2) f (h)#, where
f (h)5(h3/2p)z(3)2(h4p2/45), h52pkBTz/hc50.131
31023z nm21 for T5300 K, z(3)51.202 . . . is theRie-
mann zeta function andkB is the Boltzmann constant. Th
temperature correction is!1% of the Casimir force for the
surface separations reported here. There are also correc
to the Casimir force resulting from the roughness of the m
tallic surfaces used. These corrections result from the
chastic changes in the surface separation@24#. Here the
roughness of the metal surface is measured directly with
AFM. This leads to the complete Casimir force includin
roughness correction given by@24#

F~z!5FT~z!F116S A

z D 2G . ~2!

Here, A is the mean roughness amplitude that is measu
with the AFM. The roughness correction here is!1% of the
measured force.

The fabrication procedures had to be modified, given
different material properties of gold as compared to the a
minum coatings used previously in Refs.@7,9#. A schematic
diagram of the experiment is shown in Fig. 1. The 320-mm-
long AFM cantilevers were first coated with about 200 nm
aluminum to improve their thermal conductivity. This met
coating on the cantilever decreases the thermally indu
noise when the AFM is operated in vacuum. Aluminum co
ings are better, as applying thick gold coatings directly
these silicon nitride cantilevers led to their curling due to
mismatch in the thermal expansion coefficients. Next, po
styrene spheres were mounted on the tip of the metal-co
cantilevers with Ag epoxy. A 1-cm-diameter optically po
ished sapphire disk is used as the plate. The cantilever~with
sphere! and plate were then coated with gold in an evapo
tor. The sphere diameter after the metal coating was m
sured using the scanning electron microscope~SEM! to be
191.360.5mm. The rms roughness amplitudeA of the gold
surface on the plate was measured using an AFM to be
60.1 nm. The thickness of the gold coating was measu

FIG. 1. Schematic diagram of the experimental setup. Appli
tion of voltage to the piezoelectric tube results in the movemen
the plate toward the sphere. A force on the sphere leads to flexin
the cantilever.
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using the AFM to be 86.660.6 nm. Such a coating thicknes
is sufficient to reproduce the properties of an infinitely thi
metal for the precision reported here@15#. To reduce the
development of contact potential differences between
sphere and the plate, great care was taken to follow iden
procedures in making the electrical contacts. This is nec
sary given the large difference in the work function of al
minum and gold. The force is measured at a pressure be
30 mTorr and at room temperature. The experiments w
done on a floating optical table. The vacuum system w
mechanically damped and isolated to decrease the vibrat
coupled to the AFM.

As shown in Fig. 1, a force between the sphere and p
causes the cantilever to flex. This flexing of the cantileve
detected by the deflection of the laser beam leading t
difference signal between photodiodesA and B. As in the
previous measurements, this difference signal of the ph
diodes was calibrated by means of an electrostatic force.
electrostatic force between the large sphere and the flat
face is given by@25#

F52p«0~V12V2!2(
n51

`

cschna~cotha2n cothna!.

~3!

Here V1 and V2 are voltages on the flat plate and sphe
respectively.a5cosh21@11(z1z0)/R#, whereR is the radius
of the sphere,z is distance between the surfaces, measu
from contact andz0 is the true average separation on cont
of the two surfaces due to the stochastic roughness of
gold coating. For the measurement of the electrostatic fo
the distance between the metallic surfaces was made.3 mm
~the distance is so chosen thatz0 and the movement of the
cantilever in response to the applied electrostatic force
negligible in comparison!. Then various voltages
V1513V andV1523V were applied to the plate while th
sphere remained grounded. Given two polarities of the sa
voltage value forV1 , Eq. ~3! was used to find the residua
potential of the grounded sphereV25363 mV. This re-
sidual potential leads to forces that are!1% of the Casimir
forces at the closest separations reported here. Using
value of V2 , the photodiode difference signal of the AFM
was calibrated from Eq.~3!. The movement of the piezoelec
tric tube on which the plate is mounted was calibrated
optical interferometry@26# and corrections~of order 1%! due
to the piezo hysteresis were applied to the sphere-plate s
rations in all collected data.

To measure the Casimir force between the sphere and
plate, they are both grounded together with the AFM. T
plate is then moved toward the sphere~by application of
voltage to the piezo! and the corresponding photodiode d
ference signal is measured. The raw data from a sca
shown in Fig. 2. Region 1 is the flexing of the cantilev
resulting from the continued extension of the piezo after c
tact of the two surfaces. Region 2 (z01400 nm
.surface separations.z0 nm) clearly shows the Casimi
force as a function of separation distance. The Casimir fo
measurement is repeated for 30 scans. The only system
error associated with the Casimir force in these meas
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PRECISION MEASUREMENT OF THE CASIMIR FORCE . . . PHYSICAL REVIEW A 62 052109
ments is that due to the residual electrostatic force that is
than 0.1% of the Casimir force at closest separation.
surface separations exceeding 400 nm, the experimenta
certainty in the force exceeds the value of the Casimir for
The surface separation on contact,z0 , is a priori unknown
due to the roughness of the metal surface and is determ
independently as described below. A small additional corr
tion to the separation distance results from the deflection
the cantilever in response to the attractive Casimir force.
can be observed from the schematic in Fig. 1, this leads
decrease in the distance of separation of the two surfa
This ‘‘deflection correction’’ modifies the separation di
tance between the two surfaces. This is given by:z5z0
1zpiezo2Fpd m, wherez is the correct separation betwee
the two surfaces,zpiezo is the distance moved by the plate d
to the application of voltage applied to the piezo, i.e.,
horizontal axis of Fig. 2, andFpd is the photodiode differ-
ence signal shown along the vertical axis in Fig. 2. Herem is
the deflection coefficient corresponding to the rate of cha
of separation distance per unit photodiode difference sig
~from the cantilever deflection! and is determined indepen
dently as discussed below. The slope of the line in regio
of the force curve shown in Fig. 2 cannot be used to de
mine m as the free movement of the sphere is prevented
contact of the two surfaces~due to the larger forces encoun
tered here!.

We use the electrostatic force between the sphere and
plate to arrive at an independent measurement of the con
m in the deflection correction andz0 the average surfac
separation on contact of the two surfaces. This is done
mediately following the Casimir force measurement witho
breaking the vacuum and with no lateral movement of
surfaces. The flat plate is connected to a dc voltage su
while the sphere remains grounded. The applied voltageV1
in Eq. ~3! is so chosen that the electrostatic force is mu
greater than the Casimir force. As can be observed from
1, at the start of the force measurement, the plate and
sphere are separated by a fixed distance and the pla
moved toward the sphere in small steps with the help of
piezoelectric tube. When different voltagesV1 are applied to
the plate, the point of contact between the plate and sp
varies corresponding to the different cantilever deflectio
This is shown in Fig. 3 for three different applied voltage
0.256, 0.202, and 0.154 V. The vertex in each curve ide

FIG. 2. The raw data of the force measured as a photod
difference signal as a function of the distance moved by the pl
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fies the contact point between the sphere and plate. The
flection coefficientm can be determined from the slope
the dashed line connecting the vertices. The slope co
sponds to an average value ofm58.960.3 nm per unit pho-
todiode difference signal. The separation distance is t
corrected for this cantilever deflection. The oscillations in t
force curves with applied voltage shown in Fig. 3 correspo
to changes in the sphere-plate capacitance from the the
and mechanical noise of the cantilever. Note that for
Casimir force measurement, the sphere and plate
grounded and such oscillations are therefore not present

Next, the surface separation on contactz0 is determined
from the same electrostatic force curves. The open squar
Fig. 4 represent the measured total force for an applied v
age ofV150.256 V as a function of distance. The force r
sults from a sum of the electrostatic force given by Eq.~3!
and the Casimir force of Eq.~2!. A bestx2 fit is done~shown
as a solid line in the Fig. 4! to obtain the value ofz0
531.7 nm. The experiment is repeated for other volta
between 0.2–0.3 V leading to an average value ofz0532.7
60.8 nm. It should be noted that thez0 is much greater than

e
e.

FIG. 3. The measured electrostatic force curves for three dif
ent voltages~a! 0.256 V,~b! 0.202 V, and~c! 0.154 V. The rate of
change of separation distance per unit photodiode difference si
corresponding to the slope of the dashed line which connects
vertices yields the deflection coefficientm.

FIG. 4. The measured electrostatic force for an applied volt
of 0.256 V to the plate is shown as open squares. For clarity o
10% of the points are shown in the figure. The best fit solid l
shown leads to az0531.7 nm. The average of many voltages lea
to z0532.760.8 nm.
9-3
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the mean roughness amplitudeA as it is determined by the
contact of the tallest gold crystal on both surfaces.

The average Casimir force measured from the 30 scan
shown as open squares in Fig. 5. The theoretical curve g
by Eq. ~2! is shown as a solid line. For clarity, only 10% o
the data points are shown in the figure. The error bars re
sent the standard deviation from the 30 scans at each
point. Due to the surface roughness, the averaging proce
introduces61 nm uncertainty in the surface separation
contact of the two surfaces. The electrostatic force co
sponding to the residual potential difference ofV253 mV
has been subtracted from the measured Casimir force
noted before, this electrostatic force corresponds to less
0.1% of the Casimir force at the closest separation.

It should be noted that the Casimir force shown in Fig
is measured here for the whole range of separations an
compared to the theory with no adjustable parameters. T
we check the accuracy of the theoretical curve over the c
plete region between 62–350 nm withN52583 points~with
an average of 30 measurements representing each p!.
Given that the experimental standard deviation around 62
is 19 pN, the experimental uncertainty is<19/A3053.5 pN

FIG. 5. The measured average Casimir force as a function
plate-sphere separation is shown as squares. For clarity, only
of the experimental points are shown in the figure. The error b
represent the standard deviation from 30 scans. The solid line is
theoretical Casimir force from Eq.~2!.
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leading to a precision that is better than 1% of the larg
forces measured. If one wished to consider the rms devia
of the experiment (Fexperiment) from the theory (F theory) in
Eq. ~2!,

s5AS~F theory2Fexperiment!
2

N
53.8 pN

as a measure of the precision, it is also on the order of 1%
the forces measured at the closest separation. The unce
ties of 3.8 pN measured here are larger than the 2 pN
previous measurements@7,9# due to the poor thermal con
ductivity of the cantilever resulting from the thinner met
coatings used. Thus, experiments at cryogenic temperat
should substantially reduce the noise.

In conclusion, we have performed a precision measu
ment of the Casimir force between a large gold coated sph
and flat plate. As gold surfaces are chemically nonreact
they do not require protective layers as used previously
thus the experimental results can be unambiguously c
pared to the theory. The complete dielectric properties
gold are used in the theory. The corrections due to the m
surface roughness have been reduced to!1%. The associ-
ated uncertainties in the contact separation have been
stantially reduced. Also, the electrostatic force due to
residual potential difference between the two surfaces
been lowered to negligible levels of!1% of the Casimir
force at the closest separation. The average precision de
on the basis of the rms deviation between experiment
theory remains at the same 1% of the forces measured a
closest separation. The measurement is consistent with
theoretical corrections calculated to date. The use of g
surfaces with their higher densities and the smaller sep
tion distances at which the Casimir forces have been m
sured here should lead to improvements in the calcula
constraints of hypothetical long-range forces such as th
predicted by supersymmetric theories.

Discussions with G. L. Klimchitskaya and V. M
Mostepanenko are acknowledged.
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