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Demonstration of the Nontrivial Boundary Dependence of the Casimir Force
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The Casimir force between an aluminum-coated plate with small sinusoidal corrugations and a large
sphere was measured for surface separations between 0.1 gncthQiSing an atomic force microscope.
The measured force shows significant deviation from the perturbative theory. The measured Casimir
force between the same sphere and flat plate shows good agreement with the same theory in the limit of
zero amplitude of corrugation. These together demonstrate the nontrivial boundary dependence of the
Casimir force. [S0031-9007(99)09229-7]

PACS numbers: 12.20.Fv, 61.16.Ch

Casimir [1] predicted an attractive force between twotogether demonstrate the nontrivial boundary dependence
neutral metal plates. The force results from the alteratiomf the Casimir force. The boundary dependence of the
by the metal boundaries of the zero point electromagneti€asimir force can be easily obscured by errors in the
energy E = > (1/2)hiw,, where hiw, is the photon measurement of the surface separation [4]. To eliminate
energy in each allowed photon mode[1-4]. Initially  this ambiguity we use the electrostatic force to determine
the Casimir force was thought to be a simple extensiothe exact surface separation and establish procedures for
of the van der Waals (vdW) force which is an attractiveconsistent comparison to theory.
force between two neutral molecules [2]. Lifshitz [5] The regularized zero point energy per unit area given
generalized the vdW force between two extended bodietwo parallel plates of infinite conductivity a distancapart
as the force between fluctuating dipoles induced by thés given by [2—5]
zero point electromagnetic fields and obtained the same 2hic 1
result as Casimir for two perfectly reflecting flat plates. UlR) = ——+ - @
However, it was realized that the Casimir force is a strong 720 z
function of geometry and that between two halves of thinThis results in a Casimir force per unit argg/A =
metal spherical shells is repulsive [6]. The sign and value-dU/dz = —(m*hic/240) (1/z*). A sinusoidal corruga-
of the Casimir force becomes even more interesting fotion (period= 2) of one plate leads to the modification of
complex topologies such as encountered with a torus [4]U resulting in an averaged regularized energy per unit area
Thus the Casimir force explores the dependence of the D w2hc 1
vacuum fluctuations on the geometry of the boundary. <U<z +z0 + Asm—>> R ﬁ
The Casimir force has been demonstrated between two LT
flat plates [7] and a large sphere and a flat plate [8] and A "

Xy Cm( )

its value shown to be in agreement with the theory to Z+ 2
an average deviation of 1% [9]. For dielectric bodies )

the resulting force has been measured with reasonable

agreement to the theory [10]. Here we report the firswhere() stands for average over the sizeof the plate,
experimental demonstration of the nontrivial boundaryz is the surface separation measured from contact of the
dependence by measuring the Casimir force between o surfaces, and is the amplitude of the sinusoidal cor-
large sphere and plate with periodic uniaxial sinusoidalugation. z, is the mean surface separation after contact
corrugations (PUSC) for surface separations between Odue to the periodic corrugation and the stochastic rough-
and 0.9um using an atomic force microscope (AFM). ness of the metal coating. The origin for the measurement
The amplitude of the corrugation is only 59.4 nm and isof z is taken such that the mean oscillation of the corruga-
much smaller than the separation. Yet the measured forden is zero. In the abova <« L, andz + zo > A have
shows significant deviations from a perturbative theorybeen used. It can be observed in Eqg. (2) that an exact and
which takes into account the small periodic corrugationndependent determination af is necessary for a valid

of the plate in the surface separation (the results of theomparison to a theory. The nonzero even power coeffi-
theory correspond to the trivial boundary dependence)ients in Eq. (2) areCy = 1, C; = 3, C4 = 45/8, C¢ =
Such a deviation can be expected due to the changes &3/4,.... Equation (2) can also be obtained by using the
zero point photon modes from diffraction off the periodic regularized additive vdW type approach in Ref. [11] un-
corrugation. We also compare the measured Casimiler the same limiting conditions. Geometric approaches
force between the same sphere and identically coated flatn also be used [12]. Field theoretic methods can also be
plate and show that it agrees well with the same theorysed and have shown PUSC surfaces to be rich in vacuum
in the limit of zero amplitude of corrugation. The results interactions [13].
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Experimentally it is hard to configure two parallel the sphere is much greater than the periodicity and the sur-
plates uniformly separated by distances less than a mface separation. A 7.5 X 7.5 mn? piece of the PUSC
cron. So the preference is to replace one of the plateglate was used. A 10 mm diameter optically polished sap-
by a metal sphere of radiug whereR > z. For such a phire plate was used to represent the flat plate. The can-
geometry the Casimir force can be calculated by use dilever (with sphere), corrugated plate, and flat plate were
the proximity force theorem [14,15] to be then coated with 250 nm of Al (measured with AFM) in

0 _ a thermal evaporator. Aluminum is used because of its
Felz + 20) = 27RU). 3) high reflectivity for wavelengths of interest (sphere-plate
The finite conductivity of the metal leads to a COFI’eCtiOl’lseparationy 100 nm) and good representation in terms
which for a given metal plasma frequenay, is [16,17]  of a plasma wavelength, = 100 nm [19]. All surfaces
¢ are then coated with a 8 nm layer (measured with AFM)
of 60% Au/40% Pd. This formed a uniform nonreactive
5 and conductive top layer which is necessary to reduce any
72 ( c ) } space charge effects due to patch oxidation of the Al coat-

Fo(z + z0) = F(z + 1l —4—
(z + z0) c(z ZO)|: FEwNP

+ 5 ing. Transparencies greater than 90% were measured for
(4) A < 300 nm for the Ay Pd coatings. The sphere diame-
ter was measured using the scanning electron microscope
There are also corrections due to the finite temperatureSem) to be194.6 + 0.5 um (the SEM was cross cali-
[18] which can be neglected for the surface separationprated with the AFM using AFM standards). The am-
reported here. There is also a correction due to thglitude of the corrugation after the metal coating was
stochastic roughness of the metal coating [11]. In thi&neasured to b89.4 + 2.5 nm using the AFM. The aver-
work the rms stochastic roughness amplitude is much lesgge stochastic roughness amplitude of the metallized sur-
than the amplitude of the periodic sinusoidal modulatiorfaces was measured using an AFM to be 4.7 nm. The
of the surface. mean roughness amplitude of the metallized sphere bot-
We use a standard atomic force microscope to meaom was measured using the SEM to 5 nm. However the
sure the force between a metallized sphere and the cogccasional presence of Al crystals with height 10-30 nm
rugated plate at a pressure below 50 mTorr and at roofreventsa priori determination of surface separation.
temperature. The experimental approach is similar to that |n Fig. 1, a force on the sphere would result in a
reported in Ref. [9]. A schematic diagram of the experi-cantilever deflection leading to the deviation of the laser
ment is shown in Fig. 1. Polystyrene sphere200 =  peam and a difference signal between photodiotiesd
4 pum diameter were mounted on the tip of 32@n long B, This force and the corresponding cantilever deflection
cantilevers with Ag epoxy. In order to implement this ex- gre related by Hooke's lawF = kAz, wherek is the
periment a diffraction grating with a uniaxial sinusoidal force constant and\z is the cantilever deflection. The
corrugation of periodt = 1.1 um and an amplitude of piezo extension with applied voltage was calibrated with
90 nm was used as the PUSC surface. The raBiwd  height standards and its hysteresis was measured. The
corrections due to the piezo hysteresis and cantilever
deflection were applied as reported in Ref. [9] to the
sphere-plate separations in all collected data. As reported
in Ref. [9] the cantilever is calibrated by measuring the
electrostatic force between the flat plate and sphere for
surface separatior2 um. The average of all measured
kis0.021 = 0.001 nN/nm.
The electrostatic force between the sphere and the PUSC
surface is given by

—7R & A Y
Fo=—=20w =) Y Dm< ) ., (5)
m=0

(z + z0)w)

Z+ 20 z+ 20

where as beforeis the distance between the surfaces mea-
sured from contact and as beforg is the true average
separation on contact of the two surfaces due to the peri-
----- NI N/~ odic corrugation and stochastic roughness of the aluminum
E coating. The nonzero even power coefficients in Eq. (5)

- areDy = 1, Dy = 1/2, Dy = 3/8, Dg = 5/16,.... V;
W/WMM andV, are voltages on the corrugated plate and sphere, re-
spectively. The above expression is obtained in a manner
FIG. 1. Schematic diagram of the experimental setup. Theéihalogousto Eq. (3) from Egs. (1) and (2), by starting from

picture is not to scale. the electrostatic energy between parallel flat plates.
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Next the residual potential of the grounded sphere wato a dc voltage supply (calibrated against voltage stan-
measured. The sphere is grounded and the electrostatiards) while the sphere remains grounded. The applied
force between the sphere and the corrugated plate wamltage V; in Eq. (5) is so chosen that the electrostatic
measured for four different voltages and five different sur{force is >20 times the Casimir force. The open squares
face separations > A. With Eq. (5), from the difference in Fig. 3 represent the measured total force for an applied
in force for voltages+V; and —V,; applied to the corru- voltage of 0.566 V as a function of distance. The force
gated plate, we can measure the residual potential on thresults from a sum of the electrostatic force represented by
grounded spher®&, as 14.9 mV. This residual potential is Eq. (5) and the Casimir forde<5%) of Eqg. (4). The solid
a contact potential that arises from the different materialsine which is a besy? fit for the data in Fig. 3 results in
used to fabricate the sphere and the corrugated plate. a zo = 134.5 nm. The experiment is repeated for other

To measure the Casimir force between the sphere angbltages between 0.4-0.7 V leading to an average value
the corrugated plate they are both grounded together withf zo = 132 = 5 nm. Given the 8 nm A{Pd coating on
the AFM. The plate is then moved towards the sphere ireach surface this would correspond to an average surface
3.6 nm steps and the corresponding photodiode differencgeparation32 = 5 + 8 + 8 = 148 £ 5 nm for the case
signal was measured. The signal obtained for a typicabf the Casimir force measurement.
scan is shown in Fig. 2. Here “0” separation stands for The electrostatically determined valuezgfcan now be
contact of the sphere and corrugated plate surfaces, i.aeised to apply the systematic error corrections to the force
z =0. It does not taken into accoun. Region 1 curve of Fig. 2. Except for the independent determination
can be used to subtract the minGr1%) experimental of zo done here, the corrections are applied in a manner
systematic due to scattered laser light without biasingimilar to Ref. [9]. Here the force curve in region 1 is fit
the results in region 2. In region 2 (absolute separationto a function: F = F.(z + 148) + F.(z + 132) + Cz.
between contact and 450 nm) the Casimir force is th&he first term is the Casimir force contribution to the
dominant characteristic far exceeding all systematic errortotal force in region 1. The second term represents the
(the electrostatic force is2% of the peak Casimir force). electrostatic force between the sphere and corrugated plate
Region 3 is the flexing of the cantilever resulting from theas given by Eq. (5). The third terrd@ represents the
continued extension of the piezo after contact of the twdinear coupling of scattered light from the moving plate
surfaces. into the diodes and corresponds to a forcé pN (<1%

Now we describe the use of the electrostatic force beeffect). Here again the difference ip in the electrostatic
tween the sphere and the corrugated plate to arrive at aerm and the Casimir force is due to the 8 nm/Rd
independent and consistent measuremeny,ahe average coating on each surface. The value(dfs determined by
surface separation on contact of the two surfaces. This isinimizing they?. The value ofC determined in region 1
done immediately following the Casimir force measure-and the electrostatic force correspondindfio= 14.9 mV
ment without breaking the vacuum and no lateral moveand V, = 0 in Eq. (5) is used to subtract the systematic
ment of the surfaces. The corrugated plate is connected
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Distance moved by the corrugated plate (nm) FIG. 3. Open squares are the measured force as a function of

distance for a voltage of-0.566 V applied to the corrugated
FIG. 2. A typical force curve as a function of the distanceplate. The sphere was grounded. The solid line is the best
moved by the plate. The “0” distance stands for point of y? fit using the electrostatic force of Eq. (5) and the Casimir
contact and does not take into account the amplitude of théorce of Eq. (4) resulting in a surface separation on contact of
corrugation and the roughness of the metallic coating. zo = 134.5 nm.
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corrugations is significantly different from that predicted
by a perturbative theory which accounts only for changes
in separation between surfaces. Such a deviation from
theory is to be expected due to the diffractive effects
associated with the corrugated surface. The same theory
in the limit of zero amplitude of corrugation is in good
agreement with the measured Casimir force between the
same sphere and an identically coated flat plate. These
two results taken together demonstrate the nontrivial
boundary dependence of the Casimir force.

Discussions with V. M. Mostepanenko, G. L. Klimchit-
skaya, M. Kardar, and R. Golestanian are acknowledged.
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FIG. 4. The solid squares are the measured Casimir force as Email address: umar.mohideen@ucr.edu

a function of corrugated plate-sphere surface separation. Thql] H.B.G. Casimir, Proc. K. Ned. Akad. Wet51, 793
solid line is the theoretical Casimir force of Eq. (4), with (1948).

no adjustable parameters. The open circles are the measure(?] E. Elizalde and A. Romeo, Am. J. Phys9, 711 (1991)
Casimir force for a flat plate and the same sphere. The dashe ‘ - P ! e . : .
line is the theoretical Casimir force for a flat plate obtained by 3] P.W. Milonni, The Quantum VacuurtAcademic Press,

: IR : : San Diego, CA, 1994); G. Plunien, B. Muller, and
ettingA = 0 in Eq. (4), with no adjustable parameters. X
Setting in Eq. (4), wi justable p S W. Greiner, Phys. Ref134, 87193 (1986).

[4] V.M. Mostepanenko and N.N. TrunovThe Casimir
errors from the force curve in regions 1 and 2 to obtainthe  Effect and its Applications(Clarendon Press, Oxford,

measured Casimir force #._,, = F,, — F, — Cz where 1997).
F,, is the measured total force. Thus the measured Casimil[g] E L" é‘fSh'tz’Pﬁov- 5“\3;15% i'fl?gf?iggg (1956).
force from region 2 has no adjustable parameters. [6] T.H. Boyer, Phys. Revl74, (1968).

; . [7] M.J. Sparnaay, Physica (Utrect}, 751 (1958);Physics
The experiment is repeated for 15 scans and the av in the Making.edited by A. Sarlemijn and M. J. Sparnaay

erage Casimir force measured is shown as solid squares (North-Holland, Amsterdam, 1989).

in Fig. 4. The height of the squares represents the eX{g] s k. Lamoreaux, Phys. Rev. LetZ8 5 (1997); 81,
perimental uncertainty at each data point and the error ~ 5475(E) (1998).

bars represent the range of data. The theoretical curvgg] U. Mohideen and A. Roy, Phys. Rev. Let81, 4529
given by Eq. (4) withzy = 148 nm (determined from the (1998).

electrostatic result) and no adjustable parameters is showWh0] J.N. Israelachvili and D. Tabor, Proc. R. Soc. London
as a solid line in the same figure. Significant deviation A 331 19 (1972); P.H.G.M. Van Blokland and J.T.G.
between the measured force and the perturbative theori/ Overbeek, J. Chem. Soc. Faraday Traf#.2637 (1978).
can be observed. Even allowing to be completely ad- [111 M. Bordag, B. Geyer, G.L. Klimchitskaya, and V.M.
justable by matching theory and experiment at the largest ~ Mostepanenko, Phys. Rev. B8, 75003 (1998); G.L.

forces will not reconcile the two for surface separations Klimchitskaya and Yu.V. Paviov, Int. J. Mod. Phys. A
P 11, 3723 (1996); M. Bordag, G.T. Gillies, and V.M.
between 200—-500 nm.

; . Mostepanenko, Phys. Rev. &5, R6 (1997).

The experiment and_ anqusus were repeated for thﬁz] R. Balian and B. Duplantier, Ann. Phys. (N.YLL2, 165
same sphere and an identically coated flat plate. The ~ (197s).
average measured Casimir force from 15 scans is shown3] R. Golestanian and M. Kardar, Phys. Rev. L&8, 3421
as open circles. The theoretical Casimir force due to  (1997).
a flat plate and sphere obtained by settitg= 0 in [14] B.V. Derjaguin, I.I. Abrikosova, and E.M. Lifshitz,
Eq. (4) shows good agreement with the experiment. The Q. Rev. Chem. Sod0, 295 (1956).
electrostatically measured surface separation on contact 8] J- Blocki, J. Randrup, W.J. Swiatecki, and C.F. Tsang,
49 = 4 nm and8 + 8 = 16 nm Au/Pd coating leading Ann. Phys. (N.Y.)105 427 (1977). ,
to zo = 65 nm was used in the theory. The inclusion of [16] J. Schwinger, L.L. DeRaad, Jr., and K.A. Milton, Ann.
the stochastic roughness of amplitude 5 nm will lead t Phys. (N.Y.)115 1 (1978).

. 17] V.B. Bezerra, G. L. Klimchitskaya, and C. Romero, Mod.
1% changes. All of the above experiments have bee ] Phys. Lett. AL2, 2613—2622 (13/97)_

repeated with many different sets of spheres, flat plateg;g) 5. Mehra, Physica (Amsterdar@y, 145—-152 (1967); L. S.
and PUSC plates with the same results. Brown and G.J. Maclay, Phys. Rei84, 1272 (1969).

In conclusion, the measured Casimir force between §9] Handbook of Optical Constants of Solidsjited by E. D.
large sphere and a plate with small amplitude periodic  Palik (Academic Press, New York, 1985).

4383



