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Precision Measurement of the Casimir Force from 0.1 t®.9 um
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We have used an atomic force microscope to make precision measurements of the Casimir force
between a metallized sphere of diameter 146 and flat plate. The force was measured for plate-
sphere surface separations from 0.1 to @r@. The experimental results are consistent with present
theoretical calculations including the finite conductivity, roughness, and temperature corrections. The
root mean square average deviation of 1.6 pN between theory and experiment corresponds to a 1%
deviation at the smallest separation. [S0031-9007(98)07763-1]

PACS numbers: 12.20.Fv, 42.50.Lc, 61.16.Ch

In 1948 Casimir calculated an extraordinary propertyCasimir force. Although the reported statistical precision
that two uncharged metallic plates would have an attracwas *5%, significant correction§>20%) due to the finite
tive force in vacuum [1]. This results from an alteration conductivity of the metal surface were not observed [12].
by the metal boundaries of the zero point electromagneti&lso the roughness correction [13,14] was not observed
energy that pervades all of space as predicted by quantuaor estimated. This was probably due to the large experi-
field theory [1-3]. Similar forces result when the strongmental systematic error (the electrostatic force between
or gravitational forces are altered by boundaries [3,4]. Irsurfaces was 5 times the Casimir force) or due to a for-
the case of the strong force, examples include atomic nuuitous cancellation of all corrections [13]. Nevertheless,
clei which confine quarks and gluons [3]. Because of thehe experiment has been used to set important theoretical
topological dependence of the Casimir force, the natureonstraints [15]. Thus there is a strong need to improve
and value of this force can also imply a choice betweerihe experimental precision and check the validity of the
a closed or open universe and the number of space-tintbeoretical corrections.
dimensions [3,4]. Here we report a precision measure- The Casimir force for two perfectly conducting parallel
ment of the Casimir force between a metallized spherglates of aread separated by distancé is F(d) =
of diameter 196um and a flat plate using an atomic —(m2%ic/240)(A/d*). It is the strong function of/ and
force microscope (AFM). The measurement is consistens measurable only fod < 1 um. Experimentally it is
with corrections calculated to date. Given the broad im-ard to configure two parallel plates uniformly separated
plications of the Casimir force, precision measurementdy distances less than a micron. So the preference is to
would motivate the development of accurate theories omeplace one of the plates by a metal sphere of raftius
the mechanical forces resulting from zero point energywhereR > d. For such a geometry the Casimir force is

density [5]. modified to [12,16]
Initially the Casimir force was thought to be similar
to the van der Waals force which is an attractive force FOd) = — ka R hce (1)

between two neutral molecules [2]. The van der Waals

force results from the fluctuating dipole moment of the

materials involved. Lifshitz [6] generalized the van derAS the surfaces are expected to form a boundary to the

Waals force between two extended bodies as the force b&lectromagnetic waves, there is a correction due to the

tween fluctuating dipoles induced by the zero point elecfinite conductivity of the metal. This correction to secqn_d

tromagnetic fields. The Lifshitz theory [6] and the relategorder based on the free e]ectron model of the reflectivity

Casimir-Polder force [7] have been experimentally veri-0f metals [13,17] for a given metal plasmon frequency

fied with reasonable agreement to the theory [8,9]. How®»p IS

ever, it was soon realized that unlike the van der Waals 2

force, the Casimir force is a strong function of geometry  pr(q) = FO(4) [1 4 4 72 (L) } )

and that between two halves of thin metal spherical shells

is repulsive[2—4,10]. Despite the enormous theoretical _ )

activity (see Ref. [3]), there have been only two exper-G'Ve” the _small separations there are also corrections

imental attempts at observing the Casimir force [11,12]t0 the Casimir force resulting from the roughness of the

The first by Sparnaay in 1958 [11] was not conclusiveSurface given by [13,14]

due to 100% uncertainty in the measurements. Last year, A 2
FR(d) = Ff.’(d)|:1 + 6<—r> }

dw, 5 \dw,

in a landmark experiment [12] using a torsion pendu-
lum, Lamoureaux clearly demonstrated the presence of the

3)
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where A, is the average roughness amplitude, and equah Fig. 1). This force and the corresponding cantilever
roughness for both surfaces has been assumed. Theteflection are related by Hooke's law: = kAz, wherek
are also corrections due to the finite temperature [12,18F the force constant, anfiz is the cantilever deflection.

given by The piezoextension with applied voltage was calibrated
720 with height standards, and its hysteresis was measured.
F.(d) = Ff(d)[l + —zf(g)], (4) The corrections due to the piezohysteresis (2% linear
. correction) and cantilever deflection (to be discussed
where  f(&) = (£3/2m)¢(3) — (£*m?/45), & = later) were applied to the sphere-plate separations in all
2mkpTd/he = 0.131 X 1073d nm™! for T =300°K, collected data.
and /(3) = 1.202..., is the Riemann zeta function, and To measure the Casimir force between the sphere and
kg is the Boltzmann constant. plate they are grounded together with the AFM. The

We use a standard AFM to measure the force beplate is then moved towards the sphere in 3.6 nm steps
tween a metallized sphere and flat plate at a pressure @hd the corresponding photodiode difference signal was
50 mTorr and at room temperature. A schematic diaimeasured (approach curve). The signal obtained for a
gram of the experiment is shown in Fig. 1. Polystyrenetypical scan is shown in Fig. 3(a). Here “0” separation
spheres 0200 = 4 um diameter were mounted on the tip stands for contact of the sphere and plate surfaces. It
of 300 um long cantilevers with Ag epoxy. A 1.25 cm does not take into account the absolute average separation
diameter optically polished sapphire disk is used as the=120 nm due to the 20 nm A(Pd layer (transparent at
plate. The cantilever (with sphere) and plate were theithese separations [20]) and the 35 nm roughness of the Al
coated with 300 nm of Al in an evaporator. Aluminum coating on each surface. Region 1 shows that the force
is used because of its high reflectivity for wavelengthscurve at large separations is dominated by a linear signal.
(sphere-plate separations) 00 nm and good representa- This is due to increased coupling of scattered light into the
tion of its reflectivity in terms of a plasma wavelength diodes from the approaching flat surface. Embedded in
A, ~ 100 nm [19]. Both surfaces are then coated withthe signal is a long range attractive electrostatic force from
a less than 20 nm layer @0% Au/40% Pd (measured the contact potential difference between the sphere and the
at >90% transparency fon < 300 nm [20]). This was plate and the Casimir force (small at such large distances).
necessary to prevent any space charge effects due to patich region 2 (absolute separations between contact and
oxidation of the Al coating. A scanning electron micro- 350 nm) the Casimir force is the dominant characteristic
scope (SEM) image of the coated cantilever with spheréar exceeding all the systematic errors (the electrostatic
attached is shown in Fig. 2. The sphere diameter waforce is less than 3% of the Casimir force in this region).
measured using the SEM to H®6 um. The average Region 3 is the flexing of the cantilever resulting from
roughness amplitude of the metallized surfaces was me#he continued extension of the piezo after contact of
sured using an AFM to be 35 nm. the two surfaces. Given the distance moved by the flat

In the AFM, the force on a cantilever is measured byplate  axis), the difference signal of the photodiodes
the deflection of its tip. A laser beam is reflected off thecan be calibrated to a cantilever deflection in nanometers
cantilever tip to measure its deflection. A force on theusing the slope of the curve in region 3. The deflection
sphere would result in a cantilever deflection leading toof the cantilever leads to a decrease in the sphere-plate
a difference signal between photodiodesnd B (shown

it Q i
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FIG. 1. Schematic diagram of the experimental setup. Appli-
cation of voltage to the piezo results in the movement of the
plate towards the sphere. The experiments were done at a prastG. 2.  Scanning electron microscope image of the metallized
sure of 50 mTorr and at room temperature. sphere mounted on a AFM cantilever.
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0.2 grounded to the AFM and different voltages in the range
(@) of =0.5 to =3 V were applied to the plate. The force be-
tween a charged sphere and plate is given as [21]

01| ¥ ©
2 F = 2meo(Vy — Va)? Z cschna(cotha — ncothna).

L .© n=1
g (5)
HereV is the applied voltage on the plate, a¥ig repre-
Region 1 sents the residual potential on the grounded sphere=

cosh '(1 + d/R), whereR is the radius of the sphere,

andd is the separation between the sphere and the plate.
i From the difference in force for voltagesV, applied to

the plate, we can measure the residual potential on the

PPy N N B grounded spher&, as 29 mV. This residual potential is
100 0 100 200 300 400 500 600 700 SO0 900 a contact potential that arises from the different materials
used to ground the sphere. The electrostatic force mea-
surement is repeated at five different separations and for

eight different voltaged/;. Using Hooke’s law and the

Photodiode difference signal (arb. units)
o
o
Region 2

Distance moved by the plate (nm)

20 force from Eg. (5) we measure the force constant of the
i cantileverk. The average of all of the measurédvas
0 0.0182 N/m.

The systematic error corrections to the force curve of
= 20 Fig. 3(a), due to the residual potential on the sphere and
‘-?o the true separations between the two surfaces, are cal-
T 4 culated similar to Ref. [12]. Here the near linear force
§ curve in region 1 is fit to a function of the fori =
s 60 F.(d + do) + B/(d + do) + C(d + do) + E. Hered,

‘E 80 is the absolute separation on contact, which is constrained
B " to 120 = 5 nm, and is the only unknown to be completely
S _100' obtained by the fit. The second term represents the in-

verse linear dependence of the electrostatic force between
the sphere and the plate f& > d as given by Eq. (5)

1201 (verified during the force calibration step) [12]B =

100 200 300 400 500 600 700 800 900 —2.8 nN nm corresponding t&, = 29 mV, andV; = 0

in Eq. (5) is used. The third term represents the linearly
increasing coupling of the scattered light into the photo-
FIG. 3. (a) A typical force curve as a function of the diodes, andE is the offset of the curve. Botli' and E
distance moved by the plate; (b) the measured Casimir forcgan phe estimated from the force curve at large separations.

Plate-sphere separation (nm)

corresponding to (a) as a function of sphere-plate surfac - -
separation. The solid line is the theoretical Casimir force fromei-he best fit values of’, E, and the absolute separatidi

Eq. (4). are determined by minimizing thg?. The finite con-
ductivity correction and roughness correction (the largest
corrections) do not play a significant role in region 1, and

separation in regions 1 and 2 which can be corrected bthus the value ofd, determined by the fitting is unbi-

use of the slope in region 3. This cantilever deflectionased with respect to these corrections. These valu€s of
correction to the surface separation is of the order of, andd, are then used to subtract the systematic errors

1% and is given ag = dpiczo — Fpa/m, Whered is the  from the force curve in regions 1 and 2 to obtain the mea-

corrected separation between the two surfadgs,, is  sured Casimir force a&.),, = F,, — B/d — Cd — E,

the separation from the voltage applied to the piezo, i.ewhereF,, is the measured force. Figure 3(b) is the mea-

x axis of Fig. 3(a),m is the slope of the linear curve sured Casimir force corresponding to the force curve of

in region 3, andF,q is the photodiode difference signal Fig. 3(a). The solid line is the theoretical Casimir force

shown along the axis in Fig. 3(a). The use of Hooke’s curve of Eq. (4) with the finite conductivity, roughness,
law to describe the force is validated by the linearity ofand temperature corrections.

the photodiode difference signal with cantilever deflection This procedure is repeated for 26 scans in different lo-

in region 3. cations of the flat plate. The average measured Casimir

Next, the force constant of the cantilever was cali-force (F.),, as a function of sphere-plate separation from
brated by an electrostatic measurement. The sphere wali the scans is shown in Fig. 4 as solid squares. The
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20 a flat plate using an AFM. The measured Casimir force is
consistent with the corrections for the finite conductivity

and roughness of the metal surfaces. With lithographic
fabrication of cantilevers with a large radius of curvature,

interferometric detection of cantilever deflection, and use
of lower temperatures to reduce thermal noise, a factor of
over 1000, improvement in the precision should be pos-
sible in the future using this technique. Given the broad
implications of the Casimir force such precision measure-

Casimir force (107"*N)
8

80} ments should allow for careful checks of the mechanical
properties of vacuum.
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