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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 numbd(s): 12.20.Fv

The Casimir force[1,2] has its origin in the zero-point constraints of these hypothetical long-range forces. The av-
electromagnetic vacuum fluctuations predicted by quantunerage precision defined on the rms deviation between experi-
electrodynamics. If two perfectly reflecting metal plates arement and theory remains at the same 1% of the forces mea-
held parallel, then the alteration of the zero-point energy bysured at the closest separation. The measurement is
the metal boundaries leads to an attractive force between tH@nsistent with the theoretical corrections calculated to date.
plates called the Casimir for¢é,2]. Lifshitz [3] generalized The Casimir force is usually defined for two parallel
the force to any two infinite dielectric half-spaces as thePlates separated by a distarmeith the force generally mea-
force between fluctuating dipoles induced by the zero-poingurable only forz<1 um. However, it is hard to configure
electromagnetic fields and obtained the same result &40 parallel plates uniformly separated by distances on the
Casimir for two perfectly reflectindinfinite conductivity ~ order of a micron. So one of the plates is replaced by a large
flat plates. The Casimir force has been demonstrated betwedfetal sphere of radiuR, whereR>z. For this sphere-plate
two flat plateg4] and a large sphere and a flat plgies] and ~ configuration, the Casimir force is modified fa8]: F3(2)
its value shown to be in agreement with the theory to an=(— 7/360)R(%ic/z%). This definition of the Casimir force
average deviation of 1% —9]. For dielectric bodies the re- holds only for hypothetical metals of infinite conductivity,
sulting force has been measured with reasonable agreemeand a correction due to the finite conductivity of gold has to
to the theory[10]. Theoretical treatments of the Casimir be applied. Such a correction can be accomplished through
force have shown that it is a strong function of the boundaryuse of the Lifshitz theory3,15,19. For a metal with a di-
geometry and spectrufi1-13. Experiments with periodi- electric constang, the force between a large sphere and flat
cally corrugated boundaries have also demonstrated the noplate is given by Refd.3,15:
trivial boundary dependence of the Casimir foftd]. Here
we report an improved precision measurement of the Casimir Rh (= (= 2
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force between a metallized sphere of diameter 19hBand ~ (K+p)?

a flat plate using an atomic force microsco@édM). The

use of gold surfaces and the related experimental changes are (K—pe)? —opezle

the primary differences between the experiments reported +In 1_me ' @

here and the last version of the experimfgdit In the previ-

ous experiment$7,9], Al surfaces were used due to their wherez is the surface separatioR is the sphere radiug
high reflectivity and ease of fabrication. However, in order to_ Je—1+p?

prevent the effects of oxidation of the Al surfaces, a thin ’

layer of sputtered Au/Pd was used on top of the Al surface. 2
This thin Au/Pd coating was treated in a phenomenological e(i§)=1+—
manner in the earlier experimertd&—9]. A more complete m™Jo
theoretical treatment is complicated as nonlocal effects such

as spatial dispersion need to be taken into account in th the dielectric constant of gold ane’ is its imaginary
calculation of the Casimir forcgl5]. Thus it is necessary to  component{ is the imaginary frequency given by=i¢.
use chemically inert materials such as gold for the measurddere the complete” extending from 0.125 eV to 9919 eV
ment of the Casimir force that is reported here. The complet&om Ref.[20] along with the Drude model below 0.125 eV
dielectric properties of Au is used in the theory. An impor-is used to calculate(i ). In the Drude representation of the
tant application of Casimir force measurements is to develoglielectric properties in terms of the imaginary frequercy
strong limits on hypothetical long-range forces and light el-(i§)=1+ w,ZJ/(§2+ ¥§), wp,=115eV is the plasma fre-
ementary particles such as those predicted by supersymmegtuency andy is the relaxation frequency corresponding to 50
ric theorieg16,17. The use of gold surfaces with the higher meV. These values ab, and y are obtained in the manner
densities should lead to large improvements in the calculatedetailed in Ref[21].
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using the AFM to be 86.60.6 nm. Such a coating thickness
is sufficient to reproduce the properties of an infinitely thick
metal for the precision reported hef#5]. To reduce the
development of contact potential differences between the
sphere and the plate, great care was taken to follow identical
procedures in making the electrical contacts. This is neces-
sary given the large difference in the work function of alu-
minum and gold. The force is measured at a pressure below
30 mTorr and at room temperature. The experiments were
done on a floating optical table. The vacuum system was
mechanically damped and isolated to decrease the vibrations
coupled to the AFM.

As shown in Fig. 1, a force between the sphere and plate
causes the cantilever to flex. This flexing of the cantilever is

FIG. 1. Schematic diagram of the experimental setup. Applicadetected by the deflection of the laser beam leading to a
tion of voltage to the piezoelectric tube results in the movement ofjifference signal between photodiodasand B. As in the
the plate_ toward the sphere. A force on the sphere leads to flexing Cﬂrevious measurements, this difference signal of the photo-
the cantilever. diodes was calibrated by means of an electrostatic force. The

] o electrostatic force between the large sphere and the flat sur-
There are also corrections due to the finite temperaturgyce is given by[25]

[22,23 given by:F'(2)=F°%2)[1+ (720/?)f(7)], where

f(n)=(7%2m) {(3)— (n*w?/45), n=2mkgTzhc=0.131 ”

x1073znm ! for T=300K, ¢(3)=1.2®@... is theRie- F=2meo(V1—V2)? Y, cschna(cotha—n cothna).
mann zeta function anllg is the Boltzmann constant. The =t 3)
temperature correction i€1% of the Casimir force for the

surface separations reported here. There are also correctiofgre vV, and V, are voltages on the flat plate and sphere,
to the Casimir force resulting from the roughness of the merespectively.a= cosh {[1+(z+2z)/R], whereR is the radius
tallic surfaces used. These corrections result from the stasf the spherez is distance between the surfaces, measured
chastic changes in the surface separafi@d]. Here the from contact and, is the true average separation on contact
roughness of the metal surface is measured directly with thgf the two surfaces due to the stochastic roughness of the
AFM. This leads to the complete Casimir force including go|d coating. For the measurement of the electrostatic force,

roughness correction given (jg4] the distance between the metallic surfaces was me@lgm
5 (the distance is so chosen thgtand the movement of the
T A cantilever in response to the applied electrostatic force are
F(z)=F'(z)|1+6|—] |. (2 o . ) .
z negligible in comparison Then various voltages

V,=+3V andV;= —3V were applied to the plate while the
Here, A is the mean roughness amplitude that is measuredphere remained grounded. Given two polarities of the same
with the AFM. The roughness correction here€d4% of the  voltage value forV,, Eq. (3) was used to find the residual
measured force. potential of the grounded sphek,=3+3 mV. This re-

The fabrication procedures had to be modified, given thesidual potential leads to forces that agd% of the Casimir
different material properties of gold as compared to the aluforces at the closest separations reported here. Using this
minum coatings used previously in Refg,9]. A schematic value ofV,, the photodiode difference signal of the AFM
diagram of the experiment is shown in Fig. 1. The 32@-  was calibrated from Ed3). The movement of the piezoelec-
long AFM cantilevers were first coated with about 200 nm oftric tube on which the plate is mounted was calibrated by
aluminum to improve their thermal conductivity. This metal optical interferometry26] and correctiongof order 1% due
coating on the cantilever decreases the thermally inducetb the piezo hysteresis were applied to the sphere-plate sepa-
noise when the AFM is operated in vacuum. Aluminum coat-rations in all collected data.
ings are better, as applying thick gold coatings directly to To measure the Casimir force between the sphere and flat
these silicon nitride cantilevers led to their curling due to theplate, they are both grounded together with the AFM. The
mismatch in the thermal expansion coefficients. Next, polyplate is then moved toward the sphei®gy application of
styrene spheres were mounted on the tip of the metal-coateltage to the piezoand the corresponding photodiode dif-
cantilevers with Ag epoxy. A 1-cm-diameter optically pol- ference signal is measured. The raw data from a scan is
ished sapphire disk is used as the plate. The cantil@vihn shown in Fig. 2. Region 1 is the flexing of the cantilever
spherg and plate were then coated with gold in an evaporaresulting from the continued extension of the piezo after con-
tor. The sphere diameter after the metal coating was medact of the two surfaces. Region 2 zx(+400nm
sured using the scanning electron microsc6PEM) to be  >surface separatiorszy nm) clearly shows the Casimir
191.3+0.5um. The rms roughness amplitudeof the gold  force as a function of separation distance. The Casimir force
surface on the plate was measured using an AFM to be 1.@easurement is repeated for 30 scans. The only systematic
+0.1nm. The thickness of the gold coating was measureérror associated with the Casimir force in these measure-
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FIG. 2. The raw data of the force measured as a photodiode FIG. 3. The measured electrostatic force curves for three differ-

difference signal as a function of the distance moved by the pIate'snt voltagesa) 0.256 V, (b) 0.202 V, and(c) 0.154 V. The rate of

. . . . change of separation distance per unit photodiode difference signal
ments is that due to the residual electrostatic force that is Iescsorresponding to the slope of the dashed line which connects the

than 0.1% of the Casimir force at closest separation. Foy .oc yields the deflection coefficiemt
surface separations exceeding 400 nm, the experimental un-

certainty in the force exceeds the value of the Casimir forcefies the contact point between the sphere and plate. The de-

The surface separation on contaxd, is a priori unknown flection coefficientm can be determined from the slope of

QUe o the roughness O.f the metal surface and_ i_s determin§ e dashed line connecting the vertices. The slope corre-
independently as described below. A small additional correc- ponds to an average valueraf=8.9+0.3 nm per unit pho-

tion to the separation distance results from the deflection %fodiode difference signal. The separation distance is then

the cantilever in response to the attractive Casimir force. A%orrected for this cantilever deflection. The oscillations in the

gzzrgzsoeb?rfrt\;]eed ;zggntgf (S)?hseem:rt;i?nlzé% tﬁétrt'\',\‘j’oleic:?atcoe rce curves with applied voltage shown in Fig. 3 correspond
o . s, par . AR changes in the sphere-plate capacitance from the thermal
This "deflection correction modlfles.th(.a sgparatlon dis- and mechanical noise of the cantilever. Note that for the
t:':mce Ee;ween thhe two SLtJr:faces. T:“S 1S gl}[/_en ?fo Casimir force measurement, the sphere and plate are
Zpiezo— "pdM, WNEFEZ IS e colrect separation between grounded and such oscillations are therefore not present.
the two surfacgs;piezo|s the d|stanc¢ moved by Fhe plgte due Next, the surface separation on contagtis determined
LO the ?plphcgtlo? Ig'f V(;Itageﬁapplletg to ;h? g.'ego’(;:f?" thefrom the same electrostatic force curves. The open squares in
orizontal axis of Fg. 2, anéryq 1S the photodiode ditter- Fig. 4 represent the measured total force for an applied volt-
ence 5'9”6%' shown .allong the vertlcal.aX|s in Fig. 2. Hane age ofV;=0.256V as a function of distance. The force re-
the deflection coefficient corresponding to the rate of chang ults from a sum of the electrostatic force given by B

of separation c_listance per _unit ph(_)todiode (_Jliffere_nce sign nd the Casimir force of E@2). A besty? fit is done(shown
(from the cantilever deflectionrand is determined indepen- f‘s a solid line in the Fig. Y4to obtain the value ofz

dently as discussed below. The slope of the line in region L 31.7nm. The experiment is repeated for other voltages

of the force curve shown in Fig. 2 cannot be used to deterbetween 0.2-0.3 V leading to an average valug,f32.7

n .
contact of the two surfacdslue to the larger forces encoun- =0.8nm. It should be noted that tiag is much greater than

tered herg

We use the electrostatic force between the sphere and flat
plate to arrive at an independent measurement of the constant
m in the deflection correction ang, the average surface
separation on contact of the two surfaces. This is done im-
mediately following the Casimir force measurement without
breaking the vacuum and with no lateral movement of the
surfaces. The flat plate is connected to a dc voltage supply
while the sphere remains grounded. The applied voliage
in Eqg. (3) is so chosen that the electrostatic force is much
greater than the Casimir force. As can be observed from Fig. 25
1, at the start of the force measurement, the plate and the Q[? N .
sphere are separated by a fixed distance and the plate is : ‘ .
moved toward the sphere in small steps with the help of the Flate-sphere surface separation (um)

piezoelectric tube. When different voltagés are applied to FIG. 4. The measured electrostatic force for an applied voltage
the plate, the point of contact between the plate and spheis 0.256 V to the plate is shown as open squares. For clarity only
varies corresponding to the different cantilever deflections10% of the points are shown in the figure. The best fit solid line
This is shown in Fig. 3 for three different applied voltages,shown leads to @,=31.7 nm. The average of many voltages leads
0.256, 0.202, and 0.154 V. The vertex in each curve identito z,=32.7-0.8 nm.

0.0

——

A0

Force (10°N)
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leading to a precision that is better than 1% of the largest
00} . . L
forces measured. If one wished to consider the rms deviation
ol of the experiment K eyperimenl from the theory Eipeon) in
£ Eq. (),
= 02
g E(Ftheory_ Fexperimen}z
F o3 o= =3.8 pN
'g N
D4
. as a measure of the precision, it is also on the order of 1% of
05 At = 20 e =0 0 the forces measured at the closest separation. The uncertain-

Plate-sphere surface separation (nm) ties of 3.8 pN measured here are larger than the 2 pN in
previous measuremenfg,9] due to the poor thermal con-
FIG. 5. The measured average Casimir force as a function ofjctivity of the cantilever resulting from the thinner metal
plate-sphere separation is shown as squares. For clarity, only 10%batings used. Thus, experiments at cryogenic temperatures
of the experimental points are shown in the figure. The error bargpq|d substantially reduce the noise.
represgnt the sFar?dard deviation from 30 scans. The solid line is the In conclusion, we have performed a precision measure-
theoretical Casimir force from Eq?2). ment of the Casimir force between a large gold coated sphere
) L ) and flat plate. As gold surfaces are chemically nonreactive,
the mean roughness amplituéeas it is determined by the oy 4o not require protective layers as used previously and
contact of the tallest gold crystal on both surfaces. thus the experimental results can be unambiguously com-
The average Casimir force measured from the 30 SCans |S,eq to the theory. The complete dielectric properties of
shown as open squares in Fig. 5. The theoretical curve giveg,|q are used in the theory. The corrections due to the metal
by Eq.(2) is shown as a solid line. For clarity, only 10% of g tace roughness have been reduceei®s. The associ-
the data points are shown in the figure. The error bars repregie§ ncertainties in the contact separation have been sub-
sent the standard deviation from the 30 scans at each dalg, ially reduced. Also, the electrostatic force due to the

point. Due to the surface roughness, the averaging procedufggiqal potential difference between the two surfaces has
introduces=1 nm uncertainty in the surface separation oNpaan |owered to negligible levels 6€1% of the Casimir

contact of the two surfaces. The electrostatic force corregy e o the closest separation. The average precision defined
sponding to the residual potential difference\of=3 MV o the pasis of the rms deviation between experiment and
has been subtracted from the measured Casimir force. Aggqry remains at the same 1% of the forces measured at the
noted before, this electrostatic force corresponds to less thafjosest separation. The measurement is consistent with the
0.1% of the Casimir force at the closest separation.  aqretical corrections calculated to date. The use of gold
_ Itshould be noted that the Casimir force shown in Fig. S¢\\rtaces with their higher densities and the smaller separa-
is measured here for the whole range of separations and {%), gistances at which the Casimir forces have been mea-
compared fo the theory with no adjustable parameters. Thu§,req here should lead to improvements in the calculated

we check the accuracy of the theoretical curve over the CoMyongiraints of hypothetical long-range forces such as those
plete region between 62—350 nm with=2583 pointgwith |t3redicted by supersymmetric theories.
in

an average of 30 measurements representing each).po
Given that the experimental standard deviation around 62 nm Discussions with G. L. Klimchitskaya and V. M.
is 19 pN, the experimental uncertainty$s19/\/30=3.5pN  Mostepanenko are acknowledged.

[1] H. B. G. Casimir, Proc. K. Ned. Akad. Wekl1, 793 (1948. [7] U. Mohideen and A. Roy, Phys. Rev. Le®l, 4549(1998.
[2] P. W. Milonni, The Quantum Vacuuricademic, San Diego, [8] G. L. Klimchitskaya, A. Roy, U. Mohideen, and V. M.
CA, 1994; V. M. Mostepanenko and N. N. Trunofhe Ca- Mostepanenko, Phys. Rev. 80, 3487(1999.
simir Effect and its ApplicationéClarendon, Oxford, 1997 [9] A. Roy, C. Y. Lin, and U. Mohideen, Phys. Rev. B0,
G. Plunien, B. Muller, and W. Greiner, Phys. Ref84, 87 R111101(1999.
(1986. [10] D. Tabor and R. H. S. Winterton, Proc. R. Soc. London, Ser. A
[3] E. M. Lifshitz, Zh. Eksp. Teor. Fiz29, 94 (1956 [Sov. Phys. 312 435(1969; J. N. Israelachvili and D. Taboibid. 331, 19
JETP2, 73 (1956)]. (1972.

[4] M. J. Sparnaay, Physiddmsterdam 24, 751(1958); in Phys- [11] T. H. Boyer, Phys. Revl74, 1764(1968; R. Balian and B.
ics in the Making edited by A. Sarlemijn and M. J. Sparnaay Duplantier, Ann. Phys(N.Y.) 112 165(1978.

(North-Holland, Amsterdam, 1989 [12] R. Golestanian and M. Kardar, Phys. Rev. Let8, 3421
[5] P. H. G. M. van Blokland and J. T. G. Overbeek, J. Chem. Soc. (1997.
Faraday Trans. 74, 2651(1978. [13] L. H. Ford, Phys. Rev. 38, 528(1988.
[6] S. K. Lamoreaux, Phys. Rev. Leit8, 5 (1997; 81, 5475E) [14] A. Roy and U. Mohideen, Phys. Rev. LeB2, 4380(1999.
(1998; Phys. Rev. A59, R3149(1999. [15] G. L. Klimchitskaya, U. Mohideen, and V. M. Mostepanenko,

052109-4



PRECISION MEASUREMENT OF THE CASIMIR FORE. .. PHYSICAL REVIEW A 62 052109

Phys. Rev. A61, 062107(2000. [22] J. Mehra, Physic&Amsterdam 37, 145 (1967); L. S. Brown

[16] G. Feinberg and J. Sucher, Phys. Rev2@ 1717(1979. and G. J. Maclay, Phys. Re%84, 1272(1969.

[17] M. Bordag, G. T. Gillies, and V. M. Mostepanenko, Phys. Rev.[23] M. Bostram and Bo E. Sernelius, Phys. Rev. L&, 4757
D 56, R6(1997); 57, 2024E) (1998; M. Bordag, B. Geyer, G. (2000; M. Bordag, B. Geyer, G. L. Klimchitskaya, and V. M.
L. Klimchitskaya, and V. M. Mostepanenkitid. 60, 055004 Mostepanenkoibid. 85, 503 (2000; C. Genet, A. Lambrecht,
(1999; 62, 011701R) (2000. and S. Reynaud, Phys. Rev.6%, 012110(2000.

[18] B. V. Derjaguin, I. I. Abrikosova, and E. M. Lifshitz, Q. Rev., [24] J. L. M. M. Van Bree, J. A. Poulis, B. J. Verhaar, and K.
Chem. Socl10, 295(1956; J. Blocki, J. Randrup, W. J. Swi- Schram, PhysicéAmsterdam 78, 187 (1974; A. A. Maradu-
atecki, and C. F. Tsang, Ann. Phyi)5, 427 (1977). din and P. Mazur, Phys. Rev. B2, 1677 (1980; 23, 695

[19] J. Schwinger, L. L. DeRaad, Jr., and K. A. Milton, Ann. Phys. (1982); G. L. Klimchitskaya and Yu. V. Pavlov, Int. J. Mod.
115 1 (1978. Phys. A11, 3723(1996.

[20] Handbook of Optical Constants of Soljgslited by E. D. Palik  [25] William R. Smythe, Electrostatics and Electrodynamics
(Academic, New York, 1986 (McGraw-Hill, New York, 1950.

[21] A. Lambrecht and S. Reynaud, Eur. Phys. J8,[309 (2000. [26] F. Chen and U. Mohideefunpublished

052109-5



