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Complete roughness and conductivity corrections for Casimir force measurement

G. L. Klimchitskayal* Anushree Roy,U. Mohideer?" and V. M. MostepanenKkd
!Physics Department, Federal University of fiva) Caixa Postal 5008, CEP 58059-970; doRessoa, Parda, Brazil
°Department of Physics, University of California, Riverside, California 92521
(Received 8 June 1999

We consider detailed roughness and conductivity corrections to the Casimir force in the recent Casimir force
measurement employing an atomic force microscope. The roughness of the test bodies—a metal plate and a
sphere—was investigated with the atomic force microscope and the scanning electron microscope, respec-
tively. It consists of separate crystals of different heights and a stochastic background. The amplitude of
roughness relative to the zero roughness level was determined and the corrections to the Casimir force were
calculated up to the fourth order in a small paraméugrich is this amplitude divided by the distance between
the two test bodies Also the corrections due to finite conductivity were found up to fourth order in relative
penetration depths of electromagnetic zero-point oscillations into the metal. The theoretical result for the
configuration of a sphere above a plate taking into account both corrections is in excellent agreement with the
measured Casimir forcS1050-294{@9)05011-9

PACS numbses): 12.20.Fv, 42.50.Lc, 61.16.Ch

[. INTRODUCTION 0.6 um to 6 um was investigated. The test bodies were Cu
plus Au coated quartz, optical flat, and a spherical lens. The
The Casimir effec{1], which arises in bounded regions torsion pendulum was used to measure the Casimir force. As
and in spaces with nontrivial topology is of great interest tomentioned iff 10], experimental data do not support the pres-
specialists in the most diverse fields of physics—from statisence of finite conductivity corrections that are negative and
tical and atomic physics to elementary particle physics anadan achieve 20% of the net Casimir force at the closest spac-
cosmology. It explores the dependence of the vacuum polaing. The roughness corrections that can achieve 20— 30 % of
ization on the geometrical parameters of the quantization dahe net result if there are deviations of the interacting sur-
main, leading to attractive and repulsive forces acting befaces from the perfect shapél] were not investigated in
tween the boundariesee the review papef®,3] and the [10]. As discussed ifil0] also, the data are not of sufficient
monographg4,5)). accuracy to demonstrate the finite-temperature corrections.
A considerable amount of recent attention has been foWe would like to point out that the temperature correction at
cused on experimental verification of the Casimir force lawroom temperature is 129% and 174% of the net force when
between metallic surfaces. The first experiment of this kindhe space separation is correspondingjymd and 6um. The
was performed more than 40 years d@d and provided values of both the Casimir force and temperature correction
qualitative confirmation of the Casimir prediction. Then overto it at such distances are of the order of 3. Their
a period of years the force between dielectric test bodies wasxperimental measurement and investigation is the unre-
used to measure the Casimir forcsee, e.g.[7,8] and the solved problem of paramount importance.
other references if,5]). During this period only one paper In [12] an atomic force microscop@FM) was used to
may be cited 9] where the Casimir force between the plate make a precision measurement of the Casimir force between
and the spherical lens covered by chromium layers was mea sphere and a flat plate covered by the Al and Au/Pd layers.
sured. It should be noted that chromium is a poor reflectohe measurements were done for plate-sphere separations
for a large portion of the measured distances. In this papehetween 0.1um and 0.9um. The experimental data were
considerable attention has been given to the finite conductivshown to be consistent with the theoretical calculations, in-
ity corrections to the Casimir force. Also the possible correc-cluding the finite conductivity and roughness corrections cal-
tions due to surface roughness were discussed qualitativelgulated up to second order in appropriate paramegte3$
In all the earlier experiments only variants of the spring bal-No account has been taken in these calculations of the spe-
ance were used to measure the force. cific shape of roughness peculiar to the test bodies in use.
In the papef10] that sets the modern stage of the CasimirAlso the third and fourth orders of these corrections were
force measurements between metals, the distance range frareglected, although they could contribute to the comparison
of the theory and experiment at an accuracy level of 1% for
the smallest separatioiftemperature corrections are not im-
*On leave from North-West Polytechnical Institute, St. Peters-portant in this distance rangeOther techniques for measur-

burg, Russia. Electronic address: galina@GK1372.spb.edu ing the Casimir force have also been propossee, e.g.,
TElectronic address: umar.mohideen@ucr.edu [14,15).
*On leave from A. Friedmann Laboratory for Theoretical Physics, Here we present the complete experimental and theoreti-
St. Petersburg, Russia. cal investigation of the surface roughness and roughness cor-
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purpose the roughness of the plate was measured with the
AFM, and the roughness of the sphere by the scanning elec-
tron microscopeSEM). The surface is composed of large
separate crystals situated irregularly on the surface. They are
modeled by parallelepipeds of two different heights situated
on the stochastic background. The corresponding corrections
to the Casimir force are computed by the use of the approxi-
mate method proposed earlier[it6,17]. The corrections due

to roughness up to fourth order in relative roughness ampli-
tude are obtained.

To provide the higher-order finite conductivity corrections
the measurement range is subdivided into ranges of small
and large distances. It is shown that at small distances it is
distances the effective penetration depth of the e|ectromadi_on of voltage to the piezoelectric element results in the movement
netic zero-point oscillations into the metal is found. As a©f the plate towards the sphere.
result the corrections due to finite conductivity up to the o
fourth order are calculated, taking into account the effect of T0 measure the Casimir force between the sphere and the
the surface roughness. The resulting Casimir force with botiRlate they are grounded together with the AFM. The plate is
corrections is in excellent agreement with the experimentaihen moved towards the sphere in 3.6-nm steps and the cor-
data. responding photodiode difference signal is measuiagu

The paper is organized as follows. In Sec. Il the necessarjroach curvg The signal obtained for a typical scan is
details of the experimerjfi2] are reviewed. Section Ill con- Shown in Fig. 2. Here “0” separation stands for contact of
tains a brief formulation of the perturbative approach to thethe sphere and plate surfaces. It does not take into account
calculation of roughness corrections. In Sec. IV the investifhe absolute average separation between the Au/Pd layers
gation of surface roughness and the roughness corrections @€ to the surface roughness, which is about 8 see Sec.
presented in relation to the experimdi?]. Section V is V). If one also takes into account the Au/Pd cap layers that
devoted to the corrections due to the finite conductivity ofare transparent at small separati¢sise Sec. Ythe absolute
the metals. Here, the final expressions for the Casimir forc@verage separation at contact between Al layers is about 120
including both corrections are also obtained. In Sec. VI they?™M. Region 1 shows that the force curve at large separations

are compared with the experimental dat41s]. Section vII i dominated by a linear signal. This is due to increased
contains conclusions and a discussion. Throughout the pap€Pupling of scattered light into the diodes from the approach-
units, in which =c=1, are used. ing flat surface. Embedded in the signal is a long-range at-

tractive electrostatic force from the contact potential differ-

ence between the sphere and plate, and the Casimir force
Il. MEASUREMENT OF THE CASIMIR FORCE (small at such large distanges$n region 2(absolute separa-
tions vary from contact to 350 nnthe Casimir force is the

f rln Eetf\;v[la ans],ta;nlcliiezlrdd AF::/I rwas;] du?Ie? tlo tmetasur;a thedominant characteristic far exceeding all the systematic er-
orce between a metafiized sphere and fat piate at a pressulfg Region 3 is the flexing of the cantilever resulting from

of 50 mTorr and at room temperature. Polystyrene spheresq e continued extension of the piezoelectric element after

200+4 pm diameter were mounted on the tip of 3pfh- contact with the two surfaces. Given the distance moved by

Ionl_g r::adntileve;? Wgh If\g epoxy.dA 1£5-01n;dia_lr_r;] optic?llly the flat platex axis), the difference signal of the photodiodes
PONIShET Sapphire disk was used as the piate. 'he CantieVeh,, o caliprated to a cantilever deflection in nanometers
(with spherg and plate were then coated with 300 nm of Al using the slope of the curve in region 3

in an evaporator. Aluminum is used because of its high re- Next, the force constant of the cantilever was calibrated

flectivity  for ~ wavelengths (sphere-plate_ separatlons)by an electrostatic measurement. The sphere was grounded
>100nm. Both Slirfaces V\gere then coated W|th less than & the AEM and different voltage in the ranged.5 V to =3
20-nm layer Qf 60% Au/40% Pd. The sphere diameter Wag/ were applied to the plate. The force between a charged
measured using the SEM to be 196.0.5um. sphere and plate is given B8]

In the AFM, the force on a cantilever is measured by the
deflection of its tip. A laser beam is reflected off the canti- .
lever tip to measure its deflection. A force on the sphere F:27T€0(V1_V2)22 cschna(cotha—n cothna).
would result in a cantilever deflection leading to a difference n=1
signal between photodiodésandB (shown in Fig. 1. This (&N
force and the corresponding cantilever deflection are related
by Hooke's law:F =kAz, wherek is the force constant and HereV, is the applied voltage on the plaié, represents the
Az is the cantilever deflection. The piezoextension with apsesidual potential on the grounded sphere, ands the per-
plied voltage was calibrated with height standards and itsnittivity of free space. One more notation és=cosh (1
hysteresis was measured. The corrections due to the pieze-a/R), where R is the radius of the sphere aradis the
hysteresis(2% linear correction and cantilever deflection separation between the sphere and the plate. From the differ-
(discussed if12]) were applied to the sphere-plate separa-ence in force for voltages V; applied to the plate, we can
tions in all collected data. measure the residual potential on the grounded spligiaes
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02 - accuracy. In the case of stochastic roughness the corrections
: to the van der Waals and Casimir forces were first calculated

in [19] up to second order in relative roughness dispersions

(the fourth order corrections were obtained 20]). Effects

of large-scale surface roughness on only the nonretarded van

der Waals force were investigated[ial,22.

The method of greatest practical utility is the summation
of retarded interatomic potentials over all atoms of two bod-
ies distorted by roughness with a subsequent multiplicative
normalization of the interaction coefficiefit6,17]

Photodiode difference signal (arb. units)

'°'-2100;') 100 200 300 400 500 600 700 800 900 CN;N, -
Distance moved by the plate (nm) Ua)=~—¢ fv dflfv drolry—ro| =" 2
1 2

FIG. 2. Typical force curve as a function of the distance moved

by the plate. HereN, , are the numbers of atoms per unit volume of the

bodies,C is the constant of the retarded van der Waals in-

29 mV. This residual potential is a contact potential that{eraction,K is a special normalization constant, aads a
arises from the different materials used to ground the spheréistance between bodies. o
The electrostatic force measurement was repeated at five dif- 1h€ appropriate choice of the normalization constént

ferent separations and for eight different voltaygs Using ~ 9ives the possibility of increasing the accuracy of additive
Hooke’s law and the force from Edl), we measure the summation. Its value can be found as a ratio of the additive

force constant of the cantilevde The average of all the and exact potentials for the configuration admitting the exact
measured is 0.0182 N/m. solution. For two plane parallel plates, as an example that is
The systematic error corrections to the force curve of FigMost important for the experiment,
2, due to the residual potential on the sphere and the true CN:N
separations between the two surfaces, are now calculated. -1 o
Here the near linear force curve in region 1 is fit to a function V(ey,e)
of the form F=F (a+ag) +B/(a+ay) +CX(at+ay)+E. , i
Herea, is the absolute separation at contact, which is con¥Where the¥ is defined a$23]
strained to 128 5 nm, and is the only unknown to be com- 5 e fexd
pletely obtained by the fit. The second term represents the g (¢, ¢,)= _3f f _2[
inverse linear dependence of the electrostatic force between 167 Jo J1 p
the sphere and plate fdR>a, as given by Eq(1). The
constantB=—2.8 nN nm corresponding t¥,=29mV and (S11pey)(s2+pey)
V,;=0 in Eq. (1) is used. The third term represents the lin- (S1—pe1)(S—pe2)
early increasing coupling of the scattered light into the pho- (4)
todiodes ancE is the offset of the curve. Bot@ andE can
be estimated from the force curve at large separations. Thidere,s, ,= (s, ,— 1+ p?)2 ande, , are the static dielectric
best-fit values ofC, E, and the absolute space separatign permittivities of the plate materials.

()

- €

(s1+p)(s2+p) X_lr
(s1=p)(s2—p)

-1
ex—l} ]dp dx

are determined by minimizing the?. The finite conductivity From Egs.(2) and(3) the Casimir force is

correction and roughness correctiihe largest corrections

do not play a significant role in region (kee Sec. VJland _ ﬂ _ -7

thus the value o, determined by the fitting is unbiased T~ g’ Y@=~ ¥(e1.e2) Vldrl Vzdr2|r1 o ="
with respect to these corrections. These value€ o, and (5

ay are then used to subtract the systematic errors from the
force curve in regions 1 and 2 to obtain the measured CaFor the configuration of two plane parallel plates, Es).is
simir force as F.),=F,—B/a—Ca—E, whereF,, is the exact by construction. We use here the word “exact” imply-
measured total force. ing that the approximative method does not bring any addi-

This procedure is repeated for 26 scans in different locational error. Actually, the so-called “exact” results are ob-
tions of the flat plate. The average measured Casimir forcéained in the approximation of large distances with the
(Fo)m as a function of sphere-plate separations from all theproviso thata>\,, where\, is the characteristic wave-
scans is shown in Figs. 4 and 5 below as open squares. length of absorption spectra. At the same time the values of
a must satisfy the conditioaT<1, whereT is a temperature
measured in energy units. For two plates, or a plate and a
lens, or a sphere of large curvature radius covered by rough-
ness, the relative error of the results obtained by(Bgdoes

For distances ofi~1 um between the interacting bodies not exceed 10?% [17] (this is proved under the supposition
the surface roughness makes an important contribution to thibat the roughness amplitudeis much smaller tham). Be-
value of the Casimir force. Although an exact calculation ofcause of this the proposed method is very useful for the
the roughness contribution is impossible, one can find thealculation of the roughness contribution in experiments on
corresponding corrections approximately with the requiredhe Casimir force.

IIl. ROUGHNESS CORRECTIONS
TO THE CASIMIR FORCE
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Recently, other methods for approximative calculation of The roughness on the sphere is most conveniently de-
the Casimir force have been proposed. Among them thescribed in the polar coordinates
semiclassical24] and macroscopif25] approaches are ap-
plicable to the case of a sphere near a wall. They do not take
into account the surface roughness. Also the path-integral 2(23)=a+ R—\/Rz—pz-yAzfz(p,q;)_ (8
approach was suggestédb] to study the space and time
deformations of the perfectly reflecting boundaries. It was
applied to describe the model example of corrugated plateghe value of the amplitude is chosen as specified above. The
when the lateral component of the Casimir force arises.  yajye of R in Eq. (8) is defined in such a way that
Now consider a plane platelisk) of dimension 2., thick-  (f,(p ¢)}=0.
nessD, and a sphere above it of radi&sboth covered by~ The potentialU from Eq. (5) for the configuration of a

roughness. The roughness on the plate is described by trﬂﬁate and a sphere with roughness described by Bysnd
function (8) can be represented as

Z(lS):Alfl(leyl)a (6)

where the value of amplitude is chosen in such a way that

max|f,(x,,y1)|=1. It is suitable to fix the zero point in the Ula)= — W f”d fR q fa+2RdZ U i
axis by the condition (@) (81,22) A N g 2 (P, 9,22,

A, (L L 9
1
<Z(18)>:A1<f1(xlvy1)>zwf dxlf dy; f1(X1,y1)=0.
—L —L
(7)  where
|
Ua( ) JL d JL d fZ(IS) o (10
1 ,Z = X .
AP 8252 IR B N1 —p[(xy—psing)?+ (y;—p cose)?+(z,—2,)*]"2.

In Ref. [11] the perturbation theory was developed in whered, ,ds are the characteristic lateral sizes of distortions
small parameterd,; ,/a based on Eqg5), (9), and(10). All covering the plate and the sphere, the simple universal ex-
the results were obtained in zeroth order of the parametensression for the expansion coefficients of Efjl) can be
a/D, a/L, anda/R, which are much smaller thak, ,/a (in  obtained. As a result, Eq11) takes the form
Ref.[13] it was shown that the corrections due to the finite-
ness of a plate are negligibleThe perturbation expansion

for the Casimir force is A.\2 A, A
Fr(2)=Fo(a){ 1+6 <<fi>>(—1) —2((fafa)) =
4 4-k Kk A | a a a
1 2
Fr(a)=Fo(a) 2, 2 Cu| 5 ;) N CE o[ A2 s [A2 L
o H2| 5| [T 5| —3(fif2)
where the force acting between the perfect plate and the ) ) 3
Sphere is X Aj &+3<<f f2>>ﬁ & —<<f3>> &
a V27 a | a 27\ a
2
a
Fo(a):_q,(81182)_§' (12) Al 4 Al 3 2
152 +15 (f)| | —4fit)| o] o
Whgn the plate and the sphere are perfect metals we have the IMEITNE AL A3
limiting cases; ,—%», ¥ — w/24 and Eq(12) takes the form +6<<fif§>>(§1) (§> _4<<flfg>>gl -
Fola) =~ o (13 Ag)
old)=— 573
360a° +(<f‘2‘>)(§2) H (15

The first coefficient of Eq(11) is Cqg=1. The other co-
efficients were found in Refl11] for the configuration of a
lens (spherg¢ above a plate and in Refl17] for two plane  Here the double angle brackets denote two successive aver-
parallel plates. They are complicated integrals involvingaging procedures. The first one is the averaging over the
functions describing roughness. In the case in which surface area of interacting bodies. The second one is over all
possible phase shifts between the distortions situated on the
dy,ds< JaR, (14 surfaces of interacting bodies against each other. This second
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roughness, is zero. It can be found from the equation

-600
42.5 nn

$=0, (18

ho
(hl_H)51+(h2_H)Sz_(H_ >

21.2 nm
-400 whereS, , o are, correspondingly, the surface areas occupied

by distortions of the heightis; ,h, and stochastic roughness.
Dividing Eq. (16) into the area of interacting surfa&=S;
+S,+S,, one gets

0.0
-200

h
Mo

(hi=H)vi+(hy—H)v,— >

VO:01 (17)

where v, ,0=S;,0/S are the relative parts of the surface

occupied by the different kinds of roughness. The analysis of
FIG. 3. Typical atomic force microscope scan of the metal surthe AFM pictures similar to Fig. 3 gives us the valueg

face. The lighter tone corresponds to larger height as shown by ther 0.11, v,=0.25, vo=0.64. Solving Eq.(17) we get the

bar graph on the left. height of the zero-distortion levél =12.6 nm. The value of

the distortion amplitude defined relatively to this level is

averaging is necessary because in the experiffijtthe

measured Casimir force was averaged over 26 s¢ses A=h;—H=27.4nm. (18
Sec. I). )

Note that under conditiofil4) the result(15) can be ob- Below, two more parameters will also be used:
tained in two ways: starting from Eg€9),(10) for a sphere ho—H H— h/2
above a plat¢11] and applying.the_force proximity theorem By= 2 ~0.231, B,= Y ~0.346. (19
[27] to Eq.(25) of Ref.[17], which is an analog of Eq15) A A

for the configuration of two plane parallel plates. As one ] ) ) .

would expect, the results coincidiia the case of large-scale With their help the distortion function from Eq6) can be
roughness violating the conditioii4) the special redefini- represented as

tion of a distance is needed for the correct application of the

force proximity theorem13]]. 1, (x1.y1)els,

fi(xy,y)=9 B (X1.y1)eZs, (20)

IV. INVESTIGATION OF THE SURFACE ROUGHNESS _
Bz, (X1,y1)elsg,
Let us apply the resul{15) to carefully calculate the
roughness corrections to the Casimir force in the experimen;u/herezsl,32,50 are the regions of the first interacting body
[12]. The roughness of the metal surface was measured witSurface occupied by the different kinds of roughness.
the same AFM. After the Casimir force measurement the The same representation is valid for also,

cantilever with sphere was replaced with a standard cantile-

ver having a sharp tip. Regions of the metal plate differing in —1, (Xp,yp)els,

size from 1umx1 um to 0.5umx0.5um were scanned o

with the AFM. A typical surface scan is shown in Fig. 3. The fo(X,¥2)=9{ —B1, (X2,¥2)€ 252, (21
roughness of the sphere was investigated with a SEM and -

found to be similar to the flat plate. In the surface scan of B2, (X2.Y2) eESO,

Fig. 3, the lighter tone corresponds to larger height.
As is seen from Fig. 3 the major distortions are the largeyhere 251’52’80 are the regions of the second interacting

separate crystals situated irregularly on the surfaces. They,qy syrface occupied by the distortions of different kinds.
can be modeled approximately by the paralielepipeds of tWoNjote that the inequality14) is easily satisfied. For the

heights. As the analysis of several AFM images shows, the,,ghness under consideration the characteristic lateral sizes
height of the highest distortions is abdut=40nm, and that ¢ istortions arad,,d;~200—300 nm, as can be seen from

of the intermediate ones abobt=20nm. Almost all sur- Fig. 3. At the same time/aR>3000 nm. Thus Eq(15) is
face between the distortions is covered by the StOChaStI&pplicable for the calculation of roughness corrections.

roughness of he|gH’u0_=_10r_1m. .It consists of small _crystals Now it is not difficult to calculate the coefficients of ex-
that are not clearly visible in Fig. 3 due to the vertical scale

used. All together they form the homogeneous backgroungansmn(ls)' One example s
of the averaged heigmolz._The _char'ac'ter of roughne§s ON ((f,f,))= —Vf—2,31V1V2+2,32V1Vo—ﬂfvg+2B1,82V2Vo
the plate and on the lens is quite similar. Note thaflg]
only the highest distortionis; =40 nm were used to estimate - Bav3=0, (22)
the distortion amplitude.

Now it is possible to determine the heigHtrelative to  which follows from Eqs(17)—(19). The results for the other
which the middle value of the function, describing the totalcoefficients are
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(D) =((f3)=v1+Bivo+ Bivo, <950 nm, some corrections to the Casimir force due to the
finiteness of its conductivity exist and should be taken into
<<f§>>: _<<f§>>:\,l+ ﬂfvz—ﬁgvo, account. In addition, to prevent the_ oxidation processes, the
surface of Al in[12] was covered with & =20 nm layer of
((F1F3))=((f2f,))=0, 60% Au/40% Pd. The reflectivity properties of this alloy are
(23) much worse than those of Athe effective plasma wave-
((F)={(f3))=v1+ B+ Bavo, length of Au is\p'=500nm and the penetration depth is
. 5 8o~80nm. Because of this, it is incorrect to use Ep) to
((faf2))=((fif2))=0, compare theory and experiment, as it is only valid for ideal
- ) . metals of infinite conductivity. It is necessary to take into
((f1f2))=(vi+ Biva+ Bovo) . account the finiteness of the metal conductivity.

Let us start our discussion with the large distanees
>)\’S” for which both Al and Au/Pd are the good metals. In
this case the perturbation theory in the relative penetration
depth can be developed. This small parameter is the ratio of

Substituting Eq.(23) into Eq. (15) we get the final expres-
sion for the Casimir force with surface distortions included
up to fourth order in relative distortion amplitude,

A2 an effective penetration depif (into both the Au/Pd and
Fr(a)=Fq(a){ 1+ 12(v,+ B2v,+ Bovo) — Al) and a distance between the Au/Pd lay&r§he quantity
a Je, inits turn, is understood as a depth for which the elec-

A3 tromagnetic oscillations are attenuated by a factoe.oft
+20(v1+,8§v2—,8§v0)?+3(Iv1+ ,B‘l‘v2+ /33\/0 takes into account both the properties of Al and of Au/Pd

layers. The value o6, can be found from the equation
4

A
+3(vat Biva+ Bvo)’l g - (24 A S-A A
a =t =1, 8.=|1——|8+A~32 nm.
It should be noted that exactly the same result can be % 0 % (26)
obtained in a very simple way. To do this it is enough to
calculate the values of the Casimir for@®) for six different The first-order correction to E¢13) was found in 29,30

distances that are possible between the distorted surfacesr the configuration of two plane parallel plates. Together

multiply them by the appropriate probabilities, and then sumwith the second-order correction found[i81] the result is
matrize the results

6 Fs(a)=F 1 165‘5+246§ 2
s(a)=Fo(a) 3 a 22/ (27)

Fr(2)=2, wWiFo(a)=viFo(a—2A)
From the general expression fle?r,;e it is seen that the

+2vivoFo@—A(l+51) Casimir force taking into account the finite conductivity is

+2V,voFo(a—A(B1— B2))+VEFo(a+ 2AB,) sign-constant for alb, and has a zero limit whed,— .
This gives the possibility to obtain the simple interpolation
+V3Fg(a—2AB1) +2v voFg(a—A(1— B,)). formula[31]
(25 16, oL
. . . . i Fs(a)~Fo(a)| 1+ = — - (28)
The question arises as to whether there is a unique definition e 3 a

of the distance between the interacting bodies in E¢24) )
and (25). This point is discussed in the next section in con-From Eq.(28 we have the same result as in Eg7) for
nection with the reflectivity properties of the metals coveringSMall 5¢/a, but it is applicable in the wider range<05./a
the plate and the sphere. <0.2.

Let us now expand Eq(28) in powers of §./a up to
fourth order inclusive, and modify the result by the use of the

V. CORRECTIONS TO THE CASIMIR FORCE L
force proximity theorenj27] for the case of a sphere above

DUE TO FINITE CONDUCTIVITY OF THE METALS

a plate,
The interacting bodies used in the experimgii] were
coated with 300 nm of Al in an evaporator. The thickness of S 72682 15265 53268
this metallic layer is much larger than the penetration depth Fs(@)=Fo(a) 1_4§+ 5 a2 3 ;Jr 3 a*”
&y of electromagnetic oscillations into Al for the wave- (29)

lengths (sphere-plate separationsf interest. Taking)\A'

=100 nm as the approximative value of the effective plasmalereFq(a) is defined by Eq(13).

wavelength of the electrons in A[28], one gets &, Now we combine both corrections—one due to the sur-
:)\;\'/(277)%16 nm. What this means is the interacting bod-face roughness and the second due to the finite conductivity
ies can be considered as made of Al as a whole. Although APf the metals. For this purpose we substitute the quantity
reflects more than 90% of the incident electromagnetic oscilF 5,(ai) from Eq. (29) into Eq. (25) instead ofFo(a;). The
lations in the complete measurement range 106mm result is
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6 -
[n]
_ 025 |
F(a)=2 wiF,(a), (30) of oo
i=1 50 700 750 Sbo 850 900 950
1 1 2 1 " 1 " L

0.00

Nul
o o

nm

12 N)

where different possible distances between the surfaces with's [

roughness and their probabilities were introduced in Eq.
(25). Equation(30) along with Eq.(29) describe the Casimir
force between Al bodies with Au/Pd layers, taking into ac-
count the finite conductivity of the metals and surface rough-
ness for the distances> )\’3“. Note that Eq.(30) incorpo- -1.00 |- o o, o
rates not only the corrections to the surface roughness and I ° od
finite conductivity separately but also some ‘“crossed”
terms, i.e., the conductivity corrections to the roughness
ones. FIG. 4. Measured average Casimir force for large distances as a
Unfortunately, Eq(30), strictly speaking, cannot be used function of plate-sphere separation is shown as open squares. The
for the distancesa< )\'su_ The most rigorous way of calcu- theoretical Casimir force with corrections to surface roughness and
|ating the Casimir force in this range is to app'y the generaﬁnite conductivity is shown by the solid lingvhen the space sepa-
Lifshitz theory without the supposition thatis much larger ~ ration is defined as the distance between Al layensd by the
than the characteristic absorption band of Auffis suppo- ~ dashed lingwith the distance between Au/Pd layers
sition leads to the resuli.2) with a definition(4)]. To do this . . .
detailed information is needed concerning the behavior ofail because of arithmetical error: the second-order plasma

the dielectric permittivity of Au/Pd on the imaginary fre- model leads tp an overall force correction factor of 0.759,

quency axis. This information should reflect the absorptior'0t 0-687, as is used throughout Sec. IlI[82].

bands of the alloy and the damping of free electrf@is In

doing so the actual dependence of the Casimir forceaon VI. COMPARISON WITH THE EXPERIMENT

COltjld :elpc(?llculated, whera is the distance between the Let us first consider large surface separatighs distance

outer Au ayers. : . between the Au/Pd layers changes in the interval 610 nm
At the same time, there exists a more simple, phenomenoéaSglo nm). We compare the results given by E€)

I(;)_g|cal, aplproacﬂ to tEe Cﬁlculano_n 9f thbe Cas_|m|r forcel for nd (31) with experimental data. In Fig. 4 the dashed curve

istances less than the characteristic absorption waveleng : .
of the Au/Pd covering. It uses the fact that the transmittanc% presents the results obtained by E§0), and the solid

; urve those obtained by E¢31). The experimental points
.Of 20-nm Au/Pd films for 'ghe wavelgngth of around 300 "Mare shown as open squares. For 80 experimental points,
is greater than 90%. This transmission measurement w.

made by taking the ratio of light transmitted through a glas{i‘ﬁhlch belong to the range af under consideration, the root-

. . . L - “mean-square average deviation between theory and experi-
tsrlgdmee\'tvétrh and without the Au/Pd coating in an optical spec ment in both cases is=1.5pN. It is notable that for the

So high transmittance gives the possibility of nealectin large a the same result is also valid if we use the Casimir
9 9 P y 9 gtforce from Eq.(13) (i.e., without any correctionsoth fora

the Au/Pd layers when calculating the Casimir force and o L
. ) ) and fora+2A. By this is meant that for large the problem
enlarging the distance between the bodies ky=210nm of the proper definition of distance is not significant due to

She large scatter in experimental points due to the experimen-

tal uncertainty. The same situation occurs with the correc-

tions. At a+2A=950nm the correction due to roughness

(positive is of about 0.2% ofF, and the correction due to

6 finite conductivity (negative is 6% of F,. Together they

_ : _ give the negative contribution, which is also 6%FRy. It is
F(a) ;1 W'F‘so(a'+2A)' @D negligible if we take into account the relative error of force

measurements at the extreme distance of 950 nm of approxi-
mately 660%(this is because the Casimir force is much less

where the Casimir forcéwith finite conductivity taken into  than the experimental uncertainty at such distances

account is defined by Eq(29). Now we consider the range of smaller values of the dis-

Notice that in[32] an attempt was undertaken to numeri- tance 80 nnsa<460nm (or, between Al, 120 nrsa+2A

cally apply the Lifshitz theory to the test bodies made of<500nm). Here Eq(31) should be used for the Casimir

gold, copper, or aluminum. The obtained results, howeverforce. In Fig. 5 the Casimir forcEqg(a+2A) from Eq. (13

are not applicable in our case where one méM) is cov-  is shown by the dashed curve. The solid curve represents the

ered by a layer of alloyAu/Pd). Furthermore, the above dependence calculated according to E81). The open

computations do not take into account surface roughnessquares are the experimental points. Taking into account all

Consequently such numerical techniques can be used onl00 experimental points belonging to the range of smaller

for multiplicative roughness correction, without inclusion of distances we get for the solid curve the value of the root-

“crossed” terms(an approach that is criticized i182]). It mean-square deviation between theory and experimest

must also be noted that some of the conclusions mafiZ2in  =1.5pN. If we consider a more narrow distance interval of

-0.50 -

075

Casimir Force (10

-1.25 a o

With this approach for the distancas< )\;\“, instead of Eq.
(30), the following result is valid:
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20 - with a small permittivitye [5]. Such corrections calculated

i with e~ 1.1 lead, together with E¢31), to the same value of
o if we increase the values of all distances by 1 nm. If the
effective value of permittivity would bes~1.2 this is
equivalent to the addition of 3 nm to all the distances without
changing ofa. As can well be imagined, the corrections due
to Au/Pd layers are not essential when it is considered that
the absolute uncertainty of distance measurements in the ex-
periment[12] was about=5 nm.

Casimir Force (10" N)
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VII. CONCLUSIONS AND DISCUSSION
FIG. 5. Measured average Casimir force for small distances as a

function of plate-sphere separation is shown as open squares. The In the above, the surface roughness of the test bodies used
theoretical Casimir force with corrections to surface roughness ani the experimen{12] on Casimir force measurement was
finite conductivity is shown by the solid line, and without any cor- investigated with the use of AFM and SEM. The corrections
rection by the dashed line. to this force due to both surface roughness and finite conduc-
tivity of the metal were calculated up to fourth order in re-
spective small parameters. The obtained theoretical results
for the Casimir force with both corrections were compared
80 nm=a=200nm, which contains 30 experimental points, with the experimental data. Excellent agreement was demon-
it turns out thatoz,=1.6 pN for the solid curve. In all the strated that is characterized by almost the same value of the
measurement range 80mMAa<910nm the root-mean- root-mean-square deviation between theory and experiment
square deviation for the solid curves of Figs. 4 and 5 igh the cases of small and large space separations between the
0223= 1.4 pN (223 experimental pointsWhat this means is test bodies and in the complete measurement range.
that the dependend81) gives equally good agreement with It was shown that the agreement between theory and ex-
experimental data in the region of small distan¢fes the  periment is substantially worse if any one of the corrections
smallest ones the relative error of force measurement it not taken into account. What this means is that the surface
about 1%, in the region of large distancéwhere the rela- roughness and finite conductivity corrections should be taken
tive error is rather largeand in the whole measurement into account in precision Casimir force measurements with
range. If one uses less sophisticated expressions for the cdiPace separations of the ordepfin and less. They will also
rections to the Casimir force due to the surface roughnesae expected to play a strong role in experimental tests of the
and finite conductivity, the value of calculated for smala ~ shape and topology dependences of the Casimir force.
will be larger than in the whole randé2]. Further improvements in the precision can be achieved
It is interesting to compare the obtained results with thosdhrough the use of smoother metallic coatings, thinner Au
given by Eq.(13), i.e., without taking account of any correc- layers(but of enough thickness to prevent the oxidation pro-
tions. In this case for the interval 80 ma<460nm (100  cesses of Al and larger radius spheres to increase the values
experimental pointswe haveoJ,,=8.7 pN. For the whole of force. The experimental uncertainties can be substantially
measurement range 80 sma<910 nm (223 points there is  "educed by use of lower temperatures to decrease the thermal
0223: 5.9 pN. It is evident that without appropriate treatmentNOiSe in the AFM,_ ano_l mterft_arometrlc detect|_on of _cantllever
of the corrections to the Casimir force the value of the root-d€flection[33]. This will provide the opportunity to increase
mean-square deviation is not only larger but also depend{® accuracy of Casimir force measurements and to obtain
significantly on the measurement range. stronger constraints on.the constants of hypotheucal long-
The comparative role of each correction is also quite obf@N9€ mteractlon.s and light elementary particles. Such con-
vious. If we take into account only roughness correction acStraints for the different ranges of Compton wavelengths of
cording to Eq.(25), then one obtains for the root-mean- hypothetical particles were already obta|r_1e<ﬂ3|4] from the
square deviation in different intervalg:},=22.8 pN, o, experimen(10] and in[35] from the experimerf12]. There
~12.7pN ando§23=8.5 ON. Ata+2A=120nm the cor- is reason to hope that within the next few years the Caswmr
SR . - - effect will become a strong competitor of the more tradi-
rection is 17% ofF,. For the single finite conductivity cor-

. ; : . tional physical phenomena, which can provide us with new
rectlor} calculated bay Ed29) with & lnsétead 0id, it follows data about long-range interactions and light elementary par-
that 03,=5.2pN, 0750=3.1pN, ando;=2.3pN. At 120 i jas
nm this correction contributes34% ofF,. (Note, that both
corrections contribute-22% of Fy at 120 nm, so that their
nonadditivity is demonstrated most cleayly.

Considering the case of small distances, we have ne-
glected the contribution of thin Au/Pd layers that are almost
transparent for the essential frequencies. The corrections to G.L.K. and V.M.M. are grateful to the Physics Depart-
the Casimir force due to these layers can be calculated byent of the Federal University of Paba, where this work
considering them as being made of some effective dielectrigvas partly done, for their kind hospitality.
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