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Repulsive Casimir Forces Produced in Rectangular Cavities:
Possible M easurements and Applications

A. Gusso
Departamento de Bica, Universidade Federal do ParanC.P. 19044, 81531-990 Curitiba-PR, Brazil

and A. G. M. Schmidt
Departamento de @ncias Exatas e Tecr@gicas, Universidade Estadual de Santa Cruz, CEP 45662-008y3HBA, Brazil

Received on 10 August, 2005

We perform a theoretical analysis of a setup intended to measure the repulsive (outward) Casimir forces
predicted to exist inside of perfectly conducting rectangular cavities. We consider the roles of the conductivity
of the real metals, of the temperature and surface roughness. The possible use of this repulsive force to reduce
friction and wear in micro and nanoel ectromechanical systems (MEMS and NEMS) is also considered.
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I. INTRODUCTION

Casimir forces are a well known prediction of Quantum
Field Theory, and result whenever the quantum vacuum is
subject to constraints. The Casimir forces are one aspect
of a broader subject usualy referred to as Casimir effect.
Presently, the Casimir effect finds applications not only in
Quantum Field Theory, but also in Condensed Matter Physics,
Atomic and Molecular Physics, Gravitation and Cosmology,
and in Mathematical Physics [1-3], and its importance for
practical applications is now becoming more widely appre-
ciated [4, 5]. Not withstanding its importance, the Casimir
effect is elusive. The attractive Casimir forces (ACFs) pre-
dicted to exist between electrically neutral bodies were mea-
sured successfully only a few years ago [1]. Presently, the
ACF between a sphere (or lens) above aflat disc covered with
metalsisclaimed to be measured with an experimental relative
error of approximately 0.27% at a 95% confidence level [6],
and can be predicted with atheoretical uncertainty at the level
of 1%. The direct measurement of the Casimir force between
two paralel conducting plates, the original setup studied by
H. B. G. Casimir [7] in 1948, is even more challenging than
for the sphere above a disc. For that reason it was accom-
plished only recently with arelatively poor precision of 15%
[8].

The measurement of such attractive forces sheds some light
on the question of the nature of the quantum electromagnetic
vacuum. However, very important predictions based on the
existence of the quantum vacuum have not received the same
attention. This is the case of the repulsive Casimir forces
(RCFs). Such repulsiveforces (outward pressure on thewalls)
are predicted to exist inside of an empty sphere [9] and an
empty rectangular cavity [10, 11] with perfectly conducting
walls, for the case of Euclidean space. Such repulsive forces
are probably the most striking example of the geometry de-
pendent nature of the Casimir effect. However no experiment
was performed to measure RCFs. Only a weak dependence
on the geometry was tested measuring the force between a
plate with small sinusoidal corrugations and a large sphere
[12]. The measurement of the RCF would be one of the most

important probes of the nature of the quantum vacuum with
far reaching implications. Because RCFs have been predicted
consistently by different quantum field theoretic techniques
[9-11, 13] if they are proved not to exist the physicists will
be faced with a new puzzle to be solved. Widely accepted
Casimir energy renormalization and regul arization procedures
may need to be reviewed, as suggested by the only dissonant
result presented in Ref. [14], were no RCFs are found for a
rectangular piston.

The sign of the Casimir force is also predicted to depend
upon electric and magnetic properties of materials. For in-
stance, in Ref. [15] it is anticipated that a repulsive force will
exist between two parallel platesif oneis a perfect conductor
and the other is perfectly permeable. More recently, a repul-
sive force between two parallel plates made from dielectric
materials with nontrivial magnetic susceptibility was antici-
pated [16]. However, this effect, which could have interesting
applications for MEMS and NEMSS, has not been verified ex-
perimentally and no dielectric material exists satisfying the
requirements on the values of the magnetic susceptibility.

In spite of the fact that RCFs are predicted for sphere and
rectangular cavity with perfectly conducting walls, it is rea
sonable to expect, as for the case of paralle plates, that they
will also be present inside cavities made from good conduc-
tors. For that reason, in this article we address the most impor-
tant practical aspectsto be taken into account in an experiment
intended to measure the force exerted on one of the walls of
arectangular cavity: the finite conductivity and roughness of
the walls and plate, and the temperature. The choice of rec-
tangular cavity instead of the sphere is based primarily on the
fact that the former could be most easily fabricated with the
available techniquesfor the fabrication of MEMS and NEMS.
We consider the experimental setup to measure the RCFsto be
made of a series of microscopic metallic rectangular cavities
arranged side by side, forming an array, with one of the walls
open. The repulsive force is then measured by bringing near
a plate with a flat metallic surface. The forces on the plate
are then measured. The use of that can be measured most eas-
ily. Thissetup is presented schematically in Fig. 1(a). Wenote
that adifferent setup was considered in Ref. [17] were asphere
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isused instead of aflat plate. However, it has to be mentioned
that in Ref. [17] it is considered the case in which the radius
of the sphere is comparable to the cavity length, implying that
the ends of the cavities are left essentially uncovered, and it
is not clearly explained why in this case one still can expect
the emergence of repulsive forces between the cavities and the
sphere. Furthermore, the roughness of the walls and the role
of the temperature are not considered in the analysis there pre-
sented. It is aso not explained how the finite conductivity of
the cavity walls and the sphere were taken into account in the
calculation of the attractive and repul sive Casimir forces.

Its worth to mention that to analyze the flat plate-
rectangular cavities configuration is specially relevant because
the moveable pieces of MEMS and NEMS typically involve
flat surfaces (for example, the rotary pieces in micromotors
and gears), and it is natura to ask whether metallic rectangu-
lar cavities could be used to make such piecesto levitate or, at
least, to have their weight or other undesirable forces partially
compensated by a repulsive force. For that reason, following
the analysis on the RCF measurement we present an analy-
sis on the possible application of repulsive Casimir forces in
MEMS and NEM S to circumvent the problems resulting from
friction and wear.

Il. CASIMIR ENERGY AND FORCES

In this section we argue that for a setup like that presented
inFig. 1 theresulting Casimir force on the plateis given by the
sum of two independent contributions, namely, the RCF pro-
duced by the electromagnetic vacuum modes inside the cavity
and the attractive force between the plate and the upper por-
tion of the cavities.

The renormalized Casimir energy inside a rectangular cav-
ity with perfectly conducting and perfectly smooth walls at
zero temperature can be derived in various manners [1]. A
simple expression suitable for numerical calculations was de-
rived in [11], and in terms of the internal dimensions of the
cavity a;,ap and az it reads

aa < _
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The term with ny = n; = nz = 0 is to be omitted from the
summation. From the principle of virtual work the force on
the walls perpendicular to the direction of & issimply

e

and ranges from positive (outward) to negative (inward) de-
pending on the relative sizes of a;,a; and az. The Egs. (1)
and (2) allow one to search for the configuration of the cav-

ity resulting into the strongest outward forces on the walls.
The numerical analysis performed in Ref. [18], using the
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above expression for the energy, suggests that the forces F»
and 3 are larger (and positive) in a configuration satisfying
a1 < & < ag, corresponding to an elongated parallel epiped.
For such a configuration F; is directed inward.

Fortunately, whenever a; < ap < ag for arectangular cav-
ity we can use a simple analytical expression for the Casimir

energy [1, 10]
+€R<3>@_£(1 + 1)] ®

Fo=- 16n &2 48\a  a

2
he T“apag
72023

where {r denotes the Riemann zeta function. The expressions
for the two outward forces are then calculated using Eq. (2)
and theresult is
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Theseformulasfor theforcesreproduce the results obtained
from Eq. (1) to better than 1%, and because thefirst term dom-
inates over the others the forces are positive.

Therefore there are two possible configurations for our sys-
tem. In one configuration elongated cavitieswith height a are
lying horizontally below the plate, like the cavity in Fig. 2(a),
with the force exerted on the plate corresponding to F. In
the other configuration the cavities are standing vertically be-
low the plate, like the cavity in Fig. 2(b), with the force ex-
erted on the plate corresponding to Fs. If there where no other
forces acting on the plate, measuring the RCFs would be a
relatively easy task. The plate could be brought near the open
wall closing it completely, thus assuring the existence of the
electromagnetic vacuum modes that lead to the Casimir en-
ergy Eq. (1). However, when the plate is close to the top of
the walls there will be aresulting attractive force that can sur-
pass the repulsive force. For that reason, in what follows we
analyze which configuration is the more adequate for an ex-
periment intended to measure RCFs, delivering the stronger
repulsive force compared to the attractive forces between the
plate and the cavity walls.

The repulsive forces exerted on the plate, -, or Fs, are ex-
pected to decrease with increasing d, the distance from the
plateto thetop of thewalls[see Fig. 1(a)]. However, adetailed
estimation of this decrease is beyond the scope of the present
work. Instead we are going to assume in our calculations that
the forces F, and F3 do not depend on d. We expect thisisa
reasonable assumption whenever d is sufficiently small in or-
der not to disturb the el ectromagnetic vacuum modes that give
the most important contributions to the Casimir energy. This
expectation is based on the fact that in the case the aperture
at the top of a cavity is smaller than A the transmission of the
modes to outside the cavity iskept small [19]. Now the values
of A that give the most important contribution to the Casimir
energy for a cavity satisfying the condition a; < ay < ag,
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FIG. 1: (a) A view of the setup including the rectangular cavities and the plate. The dots denote the possibility of having more cavities arranged
side by side. (b) The definitions of the lengths of the cavities and walls shown in aside view.

as

a;

FIG. 2: (a) Cavity lying horizontally below aplate. (b) Cavity stand-
ing vertically below a plate. Plateisin dark gray and the open wall
isindicated in light gray.

a geometry that closely resembles that of two parallel plates
(more on that in Section I11), are those of the order of the
smallest edge a;. Thus, it is reasonable to expect that F, and
Fs are constant up to d < a3/2. For d > a;/2 the RCF will
certainly decrease, and for that reason the relevant distance in
an actual experiment isrestrictedtod < a;.

Because d < aj, and a; < a and ag, we can separate the
total Casimir force between the plate and the cavitiesinto two
components: the RCF, F, and F3 and the ACF between the
plate and the top of the walls. This conclusion is not as triv-
ial as it may seen to be. If the plate were at relatively large
distances from the cavities the Casimir energy for the plate-
cavities system should be calculate from first principles con-
sidering the whole intricate geometry of the cavities. That
means, the analysis should be similar to that carried on for pe-
riodically deformed objects in Ref. [20]. That would also be
the case whether a; ~ ap, that means in the case of shallow
cavities. For the deep cavities we are going to consider, only
the interaction between the top of the walls and the plate is
responsible for the attractive force.

Because of the nontrivial geometry involved, in order to
calculate the ACF between the plate and the cavity walls we
use the pairwise summation technique [21, 22]. This tech-
nique was shown to give reliable results for the Casimir force
between bodies of arbitrary shape. For instance, for the force
between a flat plate and a small body of arbitrary shape the
maximum possible error was estimated to be 3.8% [21] when
compared to the exact results obtained by quantum field theo-
retic techniques.

In the pairwise summation technique the Casimir energy is
given by
Z Z

d3I’1

! Vo

ERY = —7ic¥ (e0) Erofra—ra|7,  (6)
where V; and V, are the volumes of the two interacting bod-
ies, and W (e20) is a constant which depends on the materials
on Vi and V. This expression for the energy does not take
into account the fact that the pairwise interaction between the
atoms in the volumes V; and V- are actually screened by the
surrounding atoms. In order to partially correct for this fact
avoiding to overestimate the attractive forces we do not inte-
grate over the entire volume of the walls and the plate. Instead
we consider that interactions are only relevant up to adistance
4 inside the metal. The resulting volumes of integration Vi
and V, are shown in Fig. 3, highlighted in light gray. Clearly,
from Eq. (6) it is not important to define which volume cor-
responds to V1 and V>, since the variables are interchangeabl e.
For the constant W' (ex0) we takeitsvaluein thelimit of perfect
conductors W (e) = /24, and introduce the corrections due
to the finite conductivity later (Section I11).

In order to get resultsthat are independent of the exact num-
ber of cavitiesin the experimental setup, making the analysis
more general, we employed asimple strategy. We note that the
top of the walls, highlighted in light gray in Fig. 3(a), can be
divided into a series of parallelepipeds. Therefore, because of
the additivity of the Casimir energy in the context of the pair-
wise summation technique, the final Casimir energy between
the plate and the walls is given by the sum of the individual
energy of each segment (a parallelepiped) and the plate. The
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FIG. 3: (a) The relevant volumes of integration highlighted in light
gray. (b) Parallelepiped below alarge plate.

only restriction is that the plate must be sufficiently large to
be considered infinite, making the calculations independent
of the actual location of the different segments on the top of
thewalls. Thiscondition can be easily fulfilled by aplate only
dightly larger than the array of cavities because the Casimir
energy decreases very rapidly with the increasing distance.

We evaluated ECpW analytically with the help of Mathemat-
ica [23] for aparallelepiped with dimensions given by €, 6 and
arbitrary length L, below a plate with thickness 6 and latera
dimensions that ensure that the final result is close enough to
that for an infinitely large plate. This arrangement is depicted
in Fig. 3(b). An energy per unity of area is obtained divid-
ing ECpW by € x L. The final Casimir energy, including al the
cavities is then obtained multiplying this energy per unit of
area by the top surface of the walls, a procedure equivalent to
summing over the different segments. Moreover, to make our
analysis more general we assume that there is a sufficiently
large number of cavities that we can calculate EX" for one
cavity and then simply multiply it by the total number of cavi-
ties. In such acase the contribution of the outermost walls that
are partially disregarded are negligible. The areathat entersin
the calculation of EZ" is then the effective “attractive area’
per cavity S = (a1 + & +¢€)e, wherei = 2 or 3 depending on
whether the cavity is lying horizontally or standing vertically
below the plate, respectively. The area of the plate under the
action of the forces F, 3 is Ao 3 = ag x ag 2. In what follows
we aways calculate the repul sive and attractive Casimir forces
for only one cavity, but theresultsare actually valid for alarge
number of cavities as explained previously.

Similarly to the case of ACFs the RPCs are only apprecia-
ble when the dimensions of the cavity are in the micrometer
range. This is the first practical aspect that has to be con-
sidered in any experiment. Presently, a structure like that in
Fig. 1 can be made from metals like gold, nickel, copper, and
aluminum with the smallest features with tens of nanometers,
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and structures like the cavity walls can be made with high
aspect-ratios [24, 25]. Consequently, the small dimensions of
the cavities pose no problem if they are kept above afew tens
of nanometers.

The pressures caused by F, and F3, whenever &) < ap < ag
goes with 1/a2, as can be seen from Egs. (4) and (5). Conse-
quently, the smaller the a; the bigger the pressure, which is
desirable. However, the smaller the a; the smaller the ratio
Ai/S, for agiven g, therefore diminishing the ratio between
the repulsive and the attractive forces. The lower limit on
a is then set by the lower practical limit on €, because the
walls must be thick enough to ensure good reflectivity to the
electromagnetic modes inside the cavity. Such thickness is
roughly determined by the penetration depth of the electro-
magnetic field 8o = Ap/(2r), with A, the plasma wavelength
of the metal. For aluminum(gold) A, ~ 107(136) nm [27],
implying 8o =~ 17(22) nm. Now we note that the intensity
of the incident electromagnetic wave a distance x inside the
metal decreases as | = lpexp(—2x/38p). We can ensure al-
most no transmission of the electromagnetic waves by mak-
iNg Xmax = € &~ 2 X dp. For that reason, we assume that the
smallest possible thickness is € = 30 nm. For such an ¢ the
smallest a; is approximately 100 nm. As we will see next,
another reason not to take a; smaller than 100 nm is that for
cavities made from real metals the RCFs are predicted to de-
crease significantly whenever the smaller side of the cavity is
below approximately 100 nm.

We now point out that the configuration of the rectangular
cavity that can lead to the largest ratio between the repulsive
and attractive forces on the plate isthat of Fig. 2(a). Thisisso
becausein spite of the fact that both configurations can deliver
the same outward pressures, in practice theratio F, /S, can be
made greater (by one order of magnitude) than theratio F3/Ss.
This results from the fact that the fabrication of a vertically
standing rectangular cavity with thin walls much higher than
1 umwould be very difficult. Thisimpliesthat in general az <
1pm. Because for such a configuration a; < ag, the force F3
is highly constrained [see Eq. (5)] compared to F,, which can
be made arbitrarily large since az is not constrained. For that
reason, in what follows we consider only the case the cavities
are lying horizontally below the plate. This configuration is
exactly the one depicted in Fig. 1(a).

1. CONDUCTIVITY, ROUGHNESS AND
TEMPERATURE CORRECTIONS

The first correction to be taken into account here is that of
finite conductivity, which alters both ACFs and RCFs. To this
date finite conductivity corrections were calculated only for
two simple geometries, namely, for two plane parallel plates
and for a sphere above a disc [1, 27]. Such calculations are
quite involved, and similar calculations for a rectangular cav-
ity and the interaction between the top of the walls and the
plate would be even more demanding. Here, instead of cal-
culating the corrections from first principles we adopt another
strategy and use the results already obtained for plane parallel
plates.
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In order to justify this approach we note that the Casimir
energy for arectangular cavity satisfying a; < ap < agisap-
proximately that in aregion with dimensions a; x ag between
two infinite parallel plates separated by a distance ag

n2ayag

— 7
720a3’ @

EQ=—hc

as can be inferred from Eqg. (3). That means the modes in-
side the cavity are approximately the same as those between
parallel plates a distance a; apart. Hence it is reasonable to
assume that the correctionsto the energy and F; for the rectan-
gular cavity are adequately described by those to the energy
and force between parallel metallic plates. In the notation
of Ref. [27] we write, Ec = ng(a1)EQ and Fy = ng (a1)FP,
where EQ and F are the energy and force for a cavity with
perfectly conducting walls. The functionsne £ (x) are the cor-
rection factors that range from approximately 1 at large sep-
arations to approximately 0 at the shortest distances. These
factors depend upon the materials on the walls through their
frequency dependent dielectric functions. In our analysis we
modeled the dielectric functions using the plasma model as
done in Ref. [27]. In this context, since ng does not depend
upon ay the correction to the force F is the same as that
for the energy. However, in order to be conservative we as-
sume that the correction to F; is the same as that for F; (nr
is dightly smaller than ng). In conclusion, we assume that
F> =nr(a1)FY, whereng (1) isplotted in Fig. 1 of Ref. [27]
and F{ is given by Eq. (4).

We have chosen to analyze two rectangular cavities with
dimensions that have a good commitment with the need for
strong RCF, to be approximate by parallel plates, and to have
reasonabl e aspect-ratios to meet the requirements of available
fabrication techniques, namely

a; = 0.1um, ap = 0.5um, ag = 5um, (8)
and
a3 = 0.2um, ap = 1um, ag = 5um. (9)

We consider cavities made from aluminum, for its excellent
reflectivity in a wide range of frequencies, and gold, a metal
widely employed for the fabrication of MEMS. For the cav-
ity with g = 0.1(0.2)pm: F, = 2.1(0.27) pN; the pressureis
P, = 4.2(0.27) N m~2; for aluminum ng(a;) = 0.50(0.68);
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and for gold ng (a1) = 0.44(0.62). We stress that the energy
inside the cavity for perfectly conducting walls differs from
that for parallel plateswith areaay x ag by just 0.8(3)%, there-
fore justifying our assumptions.

The finite conductivity correction for the ACF was taken
to be the same as that for paralel plates, and the force ob-
tained from the use of Eq. (6) is simply multiplied by ng(d).
Thisis certainly a good approximation whenever the separa-
tiond issmall compared to €, because in such a case the top of
the walls and the plate form a system resembling two parallel
plates. For d comparable or greater than € we do not expect
that this approximation fails completely. This expectation re-
lieson the fact that for larger distances the correction factor is
nearly 1 and vary at arelatively slow pace, consequently, itis
less important. Another consequence of the finite conductiv-
ity isarapid decay of electromagnetic fields inside the metal.
It was for that reason that we considered afinite 8 in the cal-
culation of the ACF. Based on the values of &¢ for aluminum
and gold we assume & = 50 nm.

The second correction to the forces that we consider is that
of surface roughness. What is relevant here is the stochastic
roughnessin both the cavity walls and the plate resulting from
the fabrication process. Aswe did for the finite conductivity
corrections we use the results aready derived for the case of
two parallel plates. The corrected energy inside the cavity
can be obtained from the expression for the corrected force
between two plates in Ref. [1] by simply integrating on the
separation, resulting in

() oo (%)
+4( — ) +60( — , (10
a1 ay

where Jqisp is the dispersion (roughly the amplitude) of the
stochastic roughness. In this approximation there is no de-
pendence of the roughness correction on a, and az. Conse-
quently, the force F, is corrected by exactly the same factor
as the energy. To keep the corrections below the 1(5)% level
it is required that dgigp/a1 < 0.049(0.10). That means for a
cavity with a; = 100 nm that the imperfections on the walls
can be as large as 5(10) nm. Presently, by means of elec-
tron beam lithography a precision in the level of 1.3 nm has
been obtained for the fabrication of MEMS and NEMS [28].
However, most usual techniques are not that accurate and a
precision at the level of 10 nmismost likely to befound in an
experiment [24]. As afirst approximation the ACF could also
receive the same correction expressed in Eq. (10).

Finally we address the role of temperature. An expression
for the Casimir energy inside a rectangular cavity with finite
temperature was derived in Ref. [26]. It correspondsto adding
the following terms to the energy in Eq. (1)

roughness _ —0
EG™ = B

2
T a1 28 T
S hc<— 1 (a1 +ax+ag)
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where B = hc/kgT, with kg the Boltzmann's constant and T
the absolute temperature. For the cavity witha; = 0.1(0.2) um
at a temperature of 300 K the energy decreases significantly
by 1.1(4.7)%, while the force F, decreases just 0.08(0.2)%.
The corrections are still very small at higher temperatures.

IV. FORCE MEASUREMENT

In the present analysis of force measurement we disregard
both the temperature and roughness corrections. The former
because the correction to the force is aways much smaller
than the expected experimental accuracy on the force mea-
surement; of the order of a few percent in any redlistic sce-
nario. The later because it could be made suitably small de-
pending on the fabrication technique. Yet, we consider the
most important correction, that of the finite conductivity, that
reduce the repulsive force produced by the cavity by half of its
original value and the attractive forces by even greater factors
[27]. Besides being the most important correction, greatly ex-
ceeding the expected corrections due to roughness, the con-
ductivity will depend upon the material the cavity and the
plate are made from and only marginaly on the fabrication
technique. In this sense, the corrections due to conductivity
are universal, and do not depend upon the specific fabrica-
tion technique that will be employed, henceforth justifying the
present theoretical analysis.

As aready mentioned in Section Il in the analysis we did
not model the expected decrease on the repulsive force as a
function of the separation d. However, it is reasonable to as-
sume that for small separations the repulsive force can be well
described by Eq. (4). For small separations we mean d small
compared to a1, because it is the smaller cavity dimension
that, after all, determines the the smaller frequencies allowed
inside the cavity. For small d we can expect a small pertur-
bation on the modes inside the cavity in alarge range of fre-
quencies, henceforth ensuring the existence of the repulsive
force.

Themost important information for an experiment designed
to measure RCFsisthe ratio between the repulsive and attrac-
tive forces as a function of the separation d. In Figs. 4(a)
and 4(b) we present exactly this ratio for the cavities with
a3 = 0.1um and 0.2pm, respectively. The results are for the
cavity and the plate made from gold, however essentialy the
same results are obtained for aluminum. We considered four
different €, from the smallest possible value to one that could
be most easily obtained by the presently available fabrication
techniques.

What we can infer from Fig. 4 isthe smallness of the repul-
sive force compared to the attractive one in the range of dis-
tances at which our calculations are more reliable and precise
(d < a1/2). Theratios are larger for the cavity with a; = 200
nm, and for d = a; /2 = 100 nm the RCF amounts to 30% of
the ACF. For the cavity with a; = 100 nm the RCF amounts
toonly 10% at d = a;/2. As a consequence of the smallness
of the ratios Frep/Fa, any measurement of the force exerted
on the top plate hasto be very precise. For the static measure-
ment of the force on the top plate a precise knowledge of the
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FIG. 4: Theratio between repulsive (Frep) and attractive (Fx) Casimir
forcesfor arectangular cavity asafunction of the separation d. From
the upper to the lower curve € =30, 50, 80, and 100 nm. Cavity
dimensionsin (a) given by Eq. (8) and in (b) by Eq. (9).

separation d is also required. This fact can be illustrated by
the ratio between the sum of the attractive force at the actual
position and the repulsive force and the attractive force at the
distance d as determined from the experiment,

F*  Fa(d+A)+Frep
Fa Fa (d) ’

where A represents the relative displacement to the measured
distance due to the uncertainties. The curvesfor thisratio are
presented in Fig. 5 for the two cavitiesand for A = 0,41 and
+3 nm. The upper(lower) curves are for negative(positive) A.
We note that even for A = +1 nm the errors are in the range
5— 15% and are of the order of the force the experiment in-
tends to measure (see Fig. 4). Conseguently, the distance has
to be measured with an accuracy better than 1 nm. In order
to estimate the required accuracy we note that for a nominal
separation d = 50 nm, an inaccuracy of 0.2 nm implies an un-
certainty in the force measurement of approximately +1.5%
for both cavities, which is acceptable.

Our analysis leads to the conclusion that very stringent re-
quirements have to be satisfied by the experimental setup in
order to allow for an adeguate measurement of the RCF in
arectangular cavity. Such requirements surpass considerably
those for the experiments already carried out for the measure-
ment of ACFs[1, 6, 8].

(12)

V. APPLICATIONS

As aready mentioned in section I, repulsive forces could
have interesting applications in MEMS and NEMS. In fact,
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FIG. 5: Curves for the ratio defined in Eq. (12) for A = 0 (continu-
ous), A = +1 nm (dashed) and A = 3 nm (dot-dashed).Cavity di-
mensionsin (a) given by Eq. (8) and in (b) by Eq. (9).

such forces could be the solution for the problems that are
presently imposing severe restrictions on the functioning of
MEMS with moveable parts, namely, friction and wear [29].
The forces caused by friction are usually very large at small
scales [30] when compared to the forces that can be deliv-
ered by the available driven systemsin, e.g., micromotors and
microactuators. Usually friction obeys Amonton’s law (fric-
tional force depends linearly on the load through the coeffi-
cient of friction), however, at small scales friction turns out to
be proportional to the contact area between the surfaces [30].
For systems sufficiently large to obey Amonton’s law, repul-
sive forces could be used to reduce the load. For instance, the
rotary piece of a micromotor or gear (usualy with the shape
of adisc) could belifted by abottom force that could partialy
or completely compensates for its weight. This force could
be the RCF predicted in Ref. [16] or, as we propose here, the
force produced by a set of rectangular cavities placed beneath
the rotary piece of the micromotor or gears. The first option
requires the use of suitable materials that presently are not
available, and is till a matter of debate whether such forces
could actually exist [31, 32]. The second option, the use of
cavities beneath the moveabl e pieces, could be a simple solu-
tion whenever these pieces were made from metals or could
at least be covered with a thin metal layer. For smaller sys-
tems, where the load does not play the most important role
in the resulting frictional force, the repulsive forces could be
used in the same way to reduce the effective weight that hasto
be sustained by the rotating pivots or bearings. Consequently,
the pivots and bearings could possibly be smaller, leading to
areduction in the frictional force and wear. Such a reduction
is highly desirable since wear is the most important source of
fallurein MEMS, limiting their continuous operation lifetime
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TABLE I: The distances dp,d; and dig as defined on the text for
cavities made from Al(Au), and dimensions given in Eq. (8).

€ (nm) do (nm) di (nm) d1o (nm)
30 88.2(88.1) 89.4(89.5) 107(112)
50 100(100) 102(102) 126(135)

TABLE II: The distances dg,dp 1 and d; as defined on the text for
cavities made from Al(Au), and dimensions given in Eq. (9).

e (nm) do (nm) do.1 (nm) da (nm)
30 135(134) 137(136) 163(166)
50 152(151) 154(153) 186(192)

to be of the order of seconds or minutes rather than hours or
days[29].

To estimate the capability of the repulsive force produced
by the rectangular cavitiesto compensate for the weight of the
moveabl e parts of MEM S and NEM S we determined the dis-
tance dp at which the RCF equates the ACF and the distances
required to the repulsive force to equate the ACF added to the
weight of aplate made from ameta with an intermediate den-
sity p = 8.9 g cm—23 (similar to that of nickel and cooper) and
thickness of 1 pym and 10 pm denoted d; and d, respectively.
At this point we have to note that structures with thickness
ranging from 0.1 pm up to 10 um are usualy employed in
the fabrication of parts of MEMS and NEMS [25] even when
the other dimensions of these parts are of the order of afew
millimeters [33]. We present in Table | dy,d; and dyg for the
cavity with a; = 0.1um, made from aluminum and gold, and
for the thickness of the walls e = 30 nm and 50 nm. In Table
Il the results are presented for the cavity with a; = 0.2um.
In this case, because the repulsive force is not strong enough
to equate the weight of a plate 10 um thick, we present the
distance dp 1 required to sustain a plate with thickness of 0.1
pm.

In order to better understand the implications of the results
presented in Tables | and |1 we have to remember the fact that
the RCF produced by the cavity on the plate is expected to
decrease with the separation d. Actualy, from simple wave
propagation arguments, the change on the force is expected
to depend upon the ratio d/a;. Conseguently, we can ex-
pect a smaller correction (smaller decrease) to the force due
to the separation for the cavity for which the ratio d/a; is
smaller. We now note that for e = 30 nm do(d1) corresponds
to 88(89)% and 68(82)% of the cavity width for ay = 0.1pum
and 0.2 pum, respectively. For that reason the cavity with
a; = 0.2um is the most adequate for investigations concern-
ing the reduction of friction and wear. Because dp 1 is only
dlightly larger than dy, levitation of thin metallic plates caused
by RCF isalso likely to occur.

We also suggest the use of an artifice in order to reduce fur-
ther the distances at which repulsive forces could counterbal -
ance the attractive forces: thiner walls with short height built
on top of the cavity walls. Thiner walls may assure enough re-
flectivity for the electromagnetic modesinside the cavity with-
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TABLE IlI: The distances dp,d; and dip as defined on the text for
cavities made from Al(Au), with the dimensions given in Eg. (8),
and with additional top walls.

€ (nm) do (nm) d1 (nm) dig (nm)
30 78.4(78.3) 79.7(79.7) 96.6(102)
50 82.0(82.0) 83.5(83.8) 107(116)

TABLE IV: The distances dp,dp.1 and d; as defined on the text for
cavities made from Al(Au), with the dimensions givenin Eq. (9), and
with additional top walls.

e (nm) do (nm) do.1 (NmM) dy (nm)
30 125(124) 127(126) 153(157)
50 132(132) 134(134) 166(173)

out further disturbing the modes if they are kept sufficiently
short. The small aspect-ratio further facilitates their fabrica-
tion. For instance, if the top walls were 15 nm thick and 45
nm high the distances between the top of these walls and the
plate are predicted to be those presented in Tables |11 and 1V.
In calculating those distances we summed over the contribu-
tions from the original wall and the additional top wall. The
contribution of the original wall is small as can be seen from
the similarity between the results for ¢ = 30 nm and 50 nmin
Tables 111 and 1V as compared to the resultsin Tables | and |1
that differ considerably.

It is clear that the introduction of the top walls can consid-
erably reduce the required separations. |If the top walls can
be made thiner and taller without further disturbing the modes
inside the cavity is a subject that deserves further theoretical
and experimental investigation. Triangular structures are also
worth of investigation. Anyhow, for the shorter distances thus
obtai ned the assumption of aconstant RCF asd variesismore
reliable, and therefore the results are self-consistent.

VI. FINAL DISCUSSION AND CONCLUSIONS

In this article we presented a realistic analysis of a setup
intended to measure the repulsive forces resulting from the
geometrical constraints imposed on the quantum electromag-
netic vacuum. For realistic we mean that the nonideality of the
cavity was taken into account in the calculation of the RCF as
well as the unavoidable ACF. We took advantage of the sim-
ilarity between a rectangular cavity satisfying the condition
a1 < & < ag and two plane parallel plates, considerably sim-
plifying the analysis. The resultsthus obtained are expected to
be a very good description of the reality for small ratiosd/a;
and still reliable when theratio is around 0.5.

¢From the results presented in section 1V we conclude that
for the smaller separations at which our approach is more pre-
cise, attractive forces are always considerably greater than the
attainable repulsive forces. This fact poses severe require-
ments for the experiment. For separations larger than approx-
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imately a;/2 a reduction of the repulsive force is expected
and the curves in Figs. 4 and 5 are no longer precise. How-
ever, these curvesindicate that even under the more optimistic
assumption that the decrease in the RCF is small and that the
reliability of our results extendsto larger separations, the mea-
surement may be difficult, unless the cavity walls are suffi-
ciently thin. That thisis specially true for the case the cavity
hasa; = 0.1um, can be seen from the fact that for e = 100 nm,
at aseparation d = a; = 0.1 um the repul sive force amountsto
only 50% of the attractive force. Fortunately, we have a better
situation for the case of alarger cavity since the RCF equates
the ACF at shorter distances, as can be seenin Fig. 4(b).

It is worth to mention that there seems to be no advantage
on the use of cavitieswith a; much greater than 200 nm. The
reason for that is the fact that for cavities with larger a; the
ratio Frep/Fa is essentially the same as that for a; = 200 nm
when plotted asafunction of d/a;. Nevertheless, the RCF and
ACF decrease significantly, possibly making its measurement
less precise. This fact has to be considered in the design of
any actual experiment.

The use of the plasma model in the calculation of the finite
conductivity corrections results in correction factors ng that
are from 2% to 10% smaller than those predicted using the
tabulated data for the dielectric functions of aluminum and
gold for distances around 100 nm [27]. This fact along with
our conservative assumption that the force F, is corrected by
the factor ng for the force F1, may imply that the actual re-
pulsive forces delivered by the cavities in an experiment are
greater than the ones we predicted here by at most 20%. Such
an increase in the force does not significantly changes our re-
sults because of the strong dependence of the attractive forces
on the separation d. More precisely, the distances would de-
crease no more than 5%.

The most obvious use of the RCF in MEMS and NEMS
is to levitate structures as we proposed here, preventing fric-
tion and wear. However, the applicability of such forces is
conditioned to the actual decrease of the RCF with the separa-
tion between the cavities and the upper (plate-like) structure.
As aready mentioned the determination of the actual repul-
sive force with the distance is beyond the scope of the present
work, and is expected to be quite involved, specialy in the
case that the finite conductivity of the walls are taken into ac-
count. Nonetheless, the results presented in section V, based
on the extrapolation of a constant RCF to larger separations,
indicate that the RCF produced by the rectangular cavity is
potentially useful and the importance of the reduction of wear
and friction in MEMS and NEMS makes it worth of further
investigation.
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