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Torque on birefringent plates induced by quantum fluctuations
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We present detailed numerical calculations of the mechanical torque induced by quantum fluctuations on two
parallel birefringent plates with in-plane optical anisotropy, separated by either vacuum or a(éithzdo).
The torque is found to vary as $BY), where 6 represents the angle between the two optical axes, and its
magnitude rapidly increases with decreasing plate separatibar a 40um diameter disk, made out of either
quartz or calcite, kept parallel to a barium titanate platd-atL00 nm, the maximum torqu@t 6=/4) is of
the order of=10"1° N m. We propose an experiment to observe this torque when the barium titanate plate is
immersed in ethanol and the other birefringent disk is placed on top of it. In this case the retarded van der
Waals(or Casimir-Lifshit force between the two birefringent slabs is repulsive. The disk would float parallel
to the plate at a distance where its net weight is counterbalanced by the retarded van der Waals repulsion, free
to rotate in response to very small driving torques.
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[. INTRODUCTION the force is always attractive in vacuum, there are situations
) ) for which a properly chosen liquid will cause the two plates
According to quantum electrodynamics, quantum fluctuayg repel each othdi7,8].

tions of electric and magnetic fields give rise to a zero-point  As mentioned above, one of the limitations of Lifshitz's
energy that never vanishes, even in the absence of electrgheory[3] is the assumption that the dielectric properties of
magnetic sourcefl]. In 1948, Casimir predicted that, as a the interacting materials are isotropic. In 1972 Parsegian and
consequence, two electrically neutral metallic parallel plates\Veiss derived an equation for the nonretarded van der Waals
in vacuum, assumed to be perfect conductors, should attraciteraction energy between two dielectrically anisotropic
each other with a force inversely proportional to the fourthplates immersed in a third anisotropic matefi@. One of
power of separatiof2]. The plates act as a cavity where only the authors of the present paper analyzed a similar problem
the electromagnetic modes that have nodes on both the wald found an equation for the Helmholtz free ene(ggr
can exist. The zero-point enerdper unit areawhen the Uunit area of the electromagnetic field in which retardation
plates are kept at close distance is smaller than when trffects are included10]. In the nonretarded limit, the two
plates are at infinite separation. The plates thus attract eadgSults are in agreement.
other to reduce the energy associated with the fluctuations of BOth articles also show that a torque develops between
the electromagnetic field. two parallel birefringent slabgwith in-plane optical aniso-

Lifshitz, Dzyaloshinskii, and Pitaevskii generalized Ca-OPY: @s shown in Fig. )lplaced in a isotropic medium,
simir’s theory to isotropic dielectricE3-5]. In their theory, =~ S2uSNd them to spontaneously rotate towards the configura-
the force between two uncharged parallel plates with arbi:uon in which their principal axes are aligned. This effect can

trary dielectric functions can be derived according to an ana?e qualitatively understood by noting that the relative rota-

tical f la that relates the Helmholtz f ion of the two plates will result in a modification of the

y '%a p;mrl: aﬂ atrelates feh erln oliz free eneltg);dassorcl"zero-point energy, because the reflection, transmission, and
ated with the fluctuations of the electromagnetic field to t Cabsorption coefficients of these materials depend on the
dielectric functions of the interacting materials and of the

dium in which th . a1 A hort di angle between the wave vector of the virtual photons, re-
medium in which they are immers¢@]. At very short dis- g, 5qjpje for the zero-point energy, and the optical axis. The
tances(typically smaller than a few nanometgrsifshitz's

h ' | d o f th d nisotropy of the zero-point energy between the plates then
theory provides a complete description of the nonretardefyq o ates the torque that makes them rotate toward configu-
van der Waals force. At larger separations, retardation effects,

o | ; ion that in th : tions of smaller energy.
%:velrlse t? a long-range (ljnteractlocr; t .at.'f] the ciasLe-th'tho The Casimir-Lifshitz force between isotropic dielectrics is
Ideal metals in vacuum reduces to Casimir's result. LItShitz'S.g oeiying considerable attention in the modern literature. The

equat[o? ?ISO Shows that tW(élpIatesf rr?ad(; out O‘; tﬂe S8MfAeory has been verified in several high-precision experi-
material always attract, regardless of the choice of the 'nterr"nents, and although the investigation has been focused
vening medium. For slabs of different materials, on the con-

; ; ; mainly on the interaction between metallic surfaces in
trary, the sign of the force depends on the dielectric proper.

. o ) ) ) vacuum, there are no doubts about its general validity
ties of the medium in which they are immerdédqs]. While [11-19 (for a review of previous measurements, 820

for a critical discussion on the precision of the most recent
experiments, se21-24). Less precise measurements in lig-
*Electronic address: capasso@deas.harvard.edu uids have been reportel8,25,26, and experimental evi-
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7 distance of approximately 100 nm, where its weight is coun-
terbalanced by the van der Waals repulsion. Because there is
no contact between the two birefringent surfaces, the disk
would be free to rotate in a sort @fictionless bearingsen-
sitive to even very small driving torques.

II. THEORY

Let us consider two plates made of uniaxial birefringent
materials kept parallel at a distandeind immersed inside a
medium with dielectric functiore;. For sake of simplicity,
let us assume that the two plates are oriented as in Fig. 1.
Thez axis of our reference system is chosen to be orthogonal
to the plates. The optical axis of one of the two crystaés,
the threefold, fourfold, or sixfold axis of symmetry for rhom-
bohedral, tetragonal, or hexagonal crystals, respectj@ély
is aligned with thex axis. The optical axis of the second

FIG. 1. Sketch of the system under investigation. Two birefrin-CryStaI is also in the-y plan_e but r_Otated by an anglewith
gent parallel plates with in-plane optical axis are placed in closd€spect to the pther. The d'EIGCt_”C tensqrs of the two plates
proximity. Thez axis is chosen to be orthogonal to the plaess ~ are then described by the following matrid@s):
the angle between the two optical axes.

e, 00

dence for repulsive van der Waals forces between dielectric 0 €&, 0 [
surfaces in different fluids has also been repoft&g-29. 0 0 e,
Finally, it has been pointed out that the Casimir-Lifshitz 2.1)
force might be a potentially relevant issue for the develop- € COL 0+ €y, SIMP O (e, — €x)Sinfcosd O '
ment of micro- and nanoelectromechanical systems : 2t L-nz :
[11,30'31 (GZL - EZH)S|n 6coso €| Sinc 0+ €y CO§ 6 O

On the other hand, essentially no attention has been de- 0 0 €,

voted to th_e torque between anisotropic materials p.red'Cte\(ljvhere the subscripts and L indicate the values of the di-
by Parsegian, Weiss, and Barash, with the exception of a : : .

. o Do . electric tensor along the optical axis and along the plane
theoretical derivation of a more simplified equation of the . . . .

. . k . ~orthogonal to the optical axis, respectively. It is important to
torque between two plates in a one-dimension calculation hat i d ¢ ! ¢
[32] and between engineered anisotropic surfates ellip- oo cos thatin Eq2.1), ey, €, e, ande,, are functions o

) . . 2T . ! . the angular frequency of the electromagnetic wave

soids with anisotropic dielectric functiof83] and two di- . .

. ; . . . . The Helmholtz free energgper unit arepof the system is
electric slabs with different directions of conductivitg4]). iven by[10]
No experimental attempts to demonstrate the effect have evél y
been reported, and so far no numerical calculations to esti- kT - 2
mate its magnitude have been presen@]. Q(6,d) = PE rdrf deInDy(e,r), (2.2

In this paper we calculate the magnitude of the torque n=0 -0 0
induced by quantum fluctuations for specific materials anqyherelg is the Boltzmann constanf, is the temperature of
discuss possible experimental validations of the effect. Wep,o system, and
consider a small birefringent diskdiameter 4Qum, thick-
ness 20um) made out of either quartz or calcite placed par- D.(o.r) = =4 A- (p2— Pz)f(zT
allel to a birefringent barium titanatéBaTiO;) plate in m@T) = y P32 =12 sind(¢p+ 6)
vacuum. Using the dielectric properties for the materials re-
ported in the literature, we show that the magnitude of the — E[2r? sin ¢ cosOsin(é + 0) + p2 sirP6] + C}
torque is within the sensitivity of available instrumentation, 8 '
provided that the plate and the disk are kept at submicron 2.3
distances. Unfortunately, at such short separations the ten- '
dency of the two surfaces to stick together represents a major {
(

{Br?sirf(¢ + 6)

technical difficulty. Therefore, the measurement of the rota- v=(p1+ p3)(pa+ p3)
tion of the disk may seem to be an extremely challenging

o1+ €l p3)

problem, which can be only addressed with the design of N By - py)(r2 i o - )

sophisticated mechanical systems. In this paper we propose a 1P ’;1 — ¢~ Paps } |:(€(3n)p2 + el p3)
much simpler experimental approach, wherein the BgTiO pp—r Sir? ¢

plate is immersed in liquid ethanol and the quartz or calcite 52?(772— p,)[(r cose sin 6+ sin ¢ cos6)? - Pzps]}
disk is placed on top of it. In this case the retarded van der - > X X > )
Waals force between the two birefringent slabs is repulsive. pa(r cose sin 6+ sin ¢ cos6)

The disk is thus expected to float on top of the plate at a (2.9
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A=[(p1+ p3)(p2+ p3) = (pr— p3)(p2 — p3)eXp(— 2pzd)]

X[(E(sn)Pl + fﬂps)(f(?)Pz + 6(2%’3) - (Gg])Pl - 6(1?03)

(n) (n)

X (€ - € exp(— 2p2d) |-
(€5"p2— €' pa)exp(— 2pzd)] st e
- Plps)(fgn)Pz + 6(2nl) p3)(p2+ p3)(p1+p3) + 2(5(2'1) - én))
X[r? sin? @(rpy = pap3) + p1p3(r® = 2r% sif @

+ p1po) Jexp— 2pgd) + (12 Sirf @ + p1p3) (€57, — €5 pa)

X(p1= p3)(p2 = pa)exp(— 4pzd)}, (2.5

(n)
- €
(z)l p1E | {(I’ZSinz(,D
P1

(n)

B=[(elpy + € ps)(p1+ pa)(pa + p3) + 2(e) = €V (rPp,

2 2
— p1p5 = 2pap3)exp(— 2psd) + (5 p1 — €1 p3) (p1 — p3)

Gr=p)el) o
X(pa poIexXH= dpsd]e TR 1P sir
1

— p1P3)(p1+ p3) (P2 + pa) + 2[r? sir? @(pyp, + p3) — p2p3
+ p1pap3lexp(— 2pad) = (r2sir? @ + p1ps)(p1 = p3)(p2
= pa)exp(—4p3d)}, (2.6

(n) (n))

C = pop3[— (fgn)Pl + E&TPS)(Pl +p3)(p2+ p3) + 2p3(€r’| — &

X (12 + pypy)exp(— 2p5d) + (€5"p1 — €1 p3) (1~ p3) (p2

(P poef)
- palexp— dpsd) 1+
p1=resine

p2p (r? si? ¢ = p1p3)
X(py+ pa)(pa+ pa) + 2pal pips + p1p3+ 12 sir? ¢(p;
~ p2)lexp(= 2p3d) = (12 sir? o + p1p3) (p1 = p2)(p2

- pa)exp(—4psd)}, (2.7

E=4p,p pz (51‘!71)5(11)
172 3pi—rzsinzgo

exp(— 2p5d), (2.9

2
gn (n)

§2
n (n 2_ .2

2 €21,

2
Piz 12+ ée(n)

2 _ 2
1 p =re+
C2 1L 2

(2.9

2 6(131\) &
~ n
pI=r2+ w1 r2coe+ 2el, (2.10
e c

() 2

~ 6 1 i

P=r2+ (%n) - 1)(r COS¢ COSH - Sin ¢ sin 6)% + %e(zﬂ),
€1

(2.11
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The torqueM induced on the two parallel birefringent
plates is given by10]

(2.12

whereS s the area of the interacting surfaces. The retarded
van der Waalgor Casimir-Lifshit force is given by
e
CoadT
Following Ref.[10], it is also possible to show that in the
nonretarded limit, the torque between two plates made out of
slightly birefringent materialdi.e., with |(¢—€,)/€,|<1]
reduces to

(2.13

M=- —ES sin(26) (2.19
T 6422 ’ '
wherew is given by:
w= j dé f dx
0 0
X(€y = €, )€y~ €1,) €58
[(e1, + €3)(€x, + €3) = (€1, — €3)(€&2, — €2)E*
(2.15

We reca” that in Eq(213, €y €11 €Y and € must be
evaluated at imaginary frequency.

The integral oveix in Eq. (2.15 can be solved analyti-
cally; the equation fow reads

D= - Jm d§(€2H - e )(ey - €1¢)€§
0 (Ei - fg)(fi - Eg)

_ (€1, ~€)(&p, = 63))
(€1, +€)(e +€3))

In the above limits, the torque is thus inversely proportional
to the second power af and is proportional to sii26).

In the retarded theory, it is generally not possible to re-
duce the expression for the torque to a simplified analytical
equation. In order to determine the dependencélodn d
and ¢, it is thus necessary to solve E(&2)—(2.12 numeri-
cally. In the next section we will analyze a particular con-
figuration and calculate the torque as a functiondoft a
distance where retardation effects cannot be neglected.

><In<1 (2.19

Ill. TORQUE IN VACUUM

We now focus on a particular experimental configuration.
We consider a 2@um thick, 40 um diameter disk made out

wherec is the speed of light in vacuum. The prime in the of either quartz or calcite, kept in vacuum parallel to a large
summation in Eq(2.2) indicates that the first terfn=0)  BaTiO, plate at a distancd. It is easy to recognize that to
must be multiplied by a facto. Furthermoree(lﬂ), e, e(zﬂ), perform the numerical computation of the torque experi-
E;W, and 6(3”) represent the values of the dielectric functionsenced by the disk as a function éfandd, we only need to
of the interacting materials calculated at imaginary angulaknow the dielectric functions of the two plates at imaginary
frequencies[36] i&,=i(27ksT/%)n, where# is the Planck angular frequenciesé,. The dielectric properties of many

constant divided by 2. materials are well described by a multiple oscillator model
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TABLE |. Values of the parameters used to determine the di- 4 @)
electric function of the materials. )
w 3F
Cr Cuv wr (rad/9 wyy (rad/9 2k
Quartz|| 1.920 1.350 2.093 104 2.040x 1016
1L 1.960  1.377  2.09810"  2.024x 10
Calcitell 5300 1.683  2.69%10%“  1.660x 10'° w
1 6.300 1.182  2.69% 10  2.134x10'®
BaTiOs |l 3595  4.128  0.85810"  0.841x10% I et
L 145.0  4.064  0.85810  0.896x 10'° 1000 ¢ ©
Ethanol 23.84 0.852  6.60010'*  1.140x 10'° 100 E
“ 10}
(the so-called Ninham-Parsegian representatj@h which 1t
can be written as follows:
i€ (rad/s)
" c
H f— j . . . . .
i) =1 +Z ¢ 2 £ (3.1 FIG. 2. Dielectric functions of the materials used in our calcu-
=l 4 (-) + 9 lations as a function of imaginary angular frequency. Solid lines and
W i dotted lines represent, respectivedy,and €, of the birefringent

In Eq. (3.1, CJ- is given bij=(2/7-r)(fj/wj), Wherefj is the slabs:(a) quartz,(b) calcite, and(c) barium titanate.

oscillator strength and; is the relaxation frequency multi- . o _
plied by 2, while g; is the damping coefficient of the oscil- fit. This curve, reported in Fig. 3, interpolates well the nu-
lator. merical results.

For most inorganic materials, only two undamped oscilla- 1he maximum magnitude of the torque occurs ¢t

— _3 . . .
tors are commonly used to describe the whole dielectric7/4 and §=;m. Comparison of the results obtained with
function[37,39 quartz and calcite shows that, as expected, materials with

less pronounced birefringent propertissich as quartz with
=1+ (3.2 respect to_calciijegive r_ise to a smaller torque. _
£\ £\ ' Interestingly, the sign of the torque obtained for the
1+ <_> 1+ <_) quartz-BaTiQ configuration is opposite to the one obtained
“IR “ov for calcite-BaTiQ. The reason for this behavior can be un-
wherewg and wyy are the characteristic absorption angularderstood from the dependence of the dielectric functions on
frequencies in the infrared and ultraviolet ranges, respedmaginary frequencyFig. 2). For quartz,e;>¢€, at all fre-
tively, and C,g and C, are the corresponding absorption quencies, while for BaTig) €, is always larger thase;. For
strengths.

The two oscillator model does not always provide a com-
plete description of the dielectric properties of materials;
however, in spite of its simplicity, when applied to dispersion
effects it usually leads to rather precise res{#%,3§. We ,
have thus used this model for our calculations. The limits of 2
this choice will be discussed in Sec. VII.

The parameters that determine the dielectric properties oi = -4
quartz, calcite, and BaTiQn the limit of the two oscillator o , ! , . , . , !
model [Eq. (3.2)] are listed in Table 1[37,38. Figure 2 80 (b)
shows the calculated(i¢). ol

Using these functions, we have calculated the torque ex-§
pected for different angles dt=100 nm, both in the quartz- % 0f
BaTiO; and in the calcite-BaTi@configurations. The results =
obtained fofT=300 K are reported in Fig. 3. Calculations for = -40
smaller temperatures give rise to nearly identical values: ai I
this distance the torque is solely generated by the fluctuation:
of the electromagnetic field associated with the zero-point
energy, because contributions arising from thermal radiation
can be neglectefB9]. FIG. 3. Calculated torque as a function ébetween a 4Qum

The computational data were interpolated using a sinudiameter disk made of quarta) or calcite(b) and a barium titanate
soidal function with periodicity equal tar [M=a sin(26)];  plate separated in vacuum by a distadeel00 nm. The lines rep-
its amplitude(a) was adjusted by means of an unweightedresent a fit of the numerical results wikth=a sin(26).

CIR CUV

- (a

~—

£
z

N O N R
—

R0 +

ol

WA m2 WA X
O (rad)
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allel to a BaTiQ plate, the torque is larger than ZON m
for d=<1 um. However, other problems would arise in this
case. The surface roughness and the curvature of the two
birefringent plates should be much smaller thaprh over
an area of several dnThis area should also be completely
free from dust particles with diameter larger than a few hun-
dreds of nanometers. Furthermore, one should still design a
mechanical setup to keep the two slabs parallel without com-
promising the sensitivity of the instrument. We conclude that
the use of a torsional balance for the measurement of the
torque induced by quantum fluctuations would present sev-
eral major technical problems.

Instead of discussing this possibility, we propose a sim-
pler solution. Let us consider again the microscopic disk de-

d (nm) scribed at the beginning of this section. We will show below
that the retarded van der Waals force between quartz or cal-
FIG. 4. Calculated torque as a function of plate separation beeite and BaTiQ in liquid ethanol is repulsive; thus, if the
tween a 40um diameter disk made of quartg) or calcite(X) and  disk is placed on top of the plate, this repulsion can be used
a barium titanate plate in vacuum @k /4. to counterbalance the weight of the quartz disk. In liquid
. ethanol, therefore, the disk would float parallel on top of the
calcite, the two curves cross ge=2x 104 rad/s; hO\_Never, BaTiO; plate at a small distance. The s?atic friction brt)atween
the contribution to the torque arising from frequencies below;

this value is relatively small. Therefore, the largest contribu-the two birefringent plates would be virtually zero, and the

tion to the torque comes from angular frequencies in théjisk WO.UId be free to rotate suspendgd in bulk liquid. If the

region wheree, > ¢,. The minimum zero-point energy cor- torque induced by .quantum. fluctuatlo_ns does n.ot sensibly
responds to the situation in which the axes of the dielectrid&crease after the introduction of liquid ethanol in the gap,
tensors with larger values af are aligned. For the quartz- and if the equilibrium distance is smaller than a few hun-

BaTiO; combination, this situation is reached fée=m/2:  dreds nanometer, the configuration proposed should allow
the torque is positive frond=0 to #=/2 and negative from the _demonstratlon of _the rotation of the disk in a reasonably
9=m/2 to 9=m. For calcite-BaTiQ, on the contrary, the Straightforward experiment.

minimum energy corresponds t=0: the sign of the torque

is thus reversed with respect to the previous case.

We have also calculated the magnitude of the torque at
0=m/4 as a function of the distance between the disk and the
plate. From the results reported in Fig. 4 one can clearlyaC
verify that it is not possible to infer a single power law de-

IV. RETARDED VAN DER WAALS FORCE IN LIQUID
ETHANOL

The force between the disk and the plate was calculated
cording to Eq(2.13. The parameters used to determine
the dielectric properties of ethanol are reported in Table |
of the choice of the interacting materials ‘T%%]. The results of the calculations fé=7/4 are reported

9 ‘ in Fig. 5. Similar calculations were carried out fé+0 and

For d=100 nm, the maximum magnitude of the torque is ,_ . : o
approximately equal to 5:8102° N m for the quartz disk g bq;/é;stshteh;isilct);dlffer from the curves represented in Fig.

and 7x107° N m for the calcite disk. In 1936, Beth per-
formed an experiment where a torsional balance was used tq
measure the rotation of a macroscopic quartz disk induced b%
the transfer of angular momentum of ligh0]. He achieved

a sensitivity of=10"" N m [41]. It is thus reasonable to ask
if similar setups with today’s improved technology could be
used to observe the rotation between theuf0 diameter
disk and the BaTi@ plate induced by virtual photons asso-
ciated with the zero-point energy. The main difficulty of this
experiment, and the main difference with the measureme
cited above, is that it is necessary to keep the disk freel¥]
suspended just above the other plate at separations where
two surfaces would tend to come into contact. From Fig. 4,
we can estimate that in order to observe the effect, the tWO  €;y4,< €cthanol< €Batio,  €calcite < €ethanol< €BaTioy
surfaces should be kept at least at submicron distances. One

could argue that the plate used in Beth’s experiment waihile at higher frequenciegetano is smaller thaneguana
much larger than the disk that we have considered so fakcarcite @Nd €gatio,. From Lifshitz's theory for isotropic ma-
Because the torque is proportional to the area of the interacterials, it is possible to show that the force between two
ing surfaces, one could use a plate with a much larger dianplates with dielectric functiong, and e, immersed in a me-
eter. For example, for a 1 cm diameter quartz disk kept pardium with dielectric functiore; is repulsive if, for imaginary

For distances shorter than a few nanometers, the force is
tractive. However, at larger distances, where retardation ef-
cts start to play an important role in the interaction, the
force switches to repulsive. The reason for this behavior can
be understood by comparing the dielectric functions of
quartz, calcite, BaTig) and ethanol, which are reported in
the inset of Fig. 5. For sake of simplicity, for each birefrin-
gent material, we show the averageeof and ;. The argu-

ents discussed below refer to the average oénd e, but
rﬂ:ey can be similarly applied to the two principal compo-
ents of the dielectric tensor separately. Eer5x 10'°, we
ve
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FIG. 5. Calculated retarded van der Waals force as a function of F!G- 6. Calculated torque as a function of plate separation be-
plate separation for a 48m diameter disk made of quarta) or ~ \Ween & 40um diameter disk made of quarta) or calcite(b) and
calcite (b) and a plate of barium titanate immersed in ethanol, cal-2 Parium titanate plate immersed in ethatlor vacuum(e) for
culated ford=m/4. The arrow represents the distance at which the?= ml4.
retarded van der Waals repulsion is in equilibrium with the weight
of the disk. Insets: Dielectric functions of the interacting materials. V. TORQUE BETWEEN PLATES IN LIQUID
For the three birefringent samples, the curve represents the average

of €, ande;. We have calculated the expected torque between the disk

and the plate in liquid ethanol as a function of angle and
) . . distance. We have verified that also in this case the torque
frequenciese, < ez < e, Or ;< eg<e€;, and itis attractive in 4 eq a5 sitR6) and has maximum magnitude @t /4 and

all other case7,8]. In our system thege IS & crossover ffom y_z/4 The sign of the rotation that one should observe
a<&<610 g<a<eqat{=5x10"rad/s. The force is using a quartz disk is opposite with respect to what is ex-
thus r_epuls_lve at large d|stancgs, where low imaginary fre; ected for a calcite disk, and temperature corrections are
guencies give rise to the most important contribution to th egligible

force, and attractive for smaller separations, where higher Figure 6 shows the calculated magnitude of the torque at

fre(1:|_LrJ]enC|es are more relevc?{ni,7,8]. | . 0=/ 4 for different values ofl. At d=100 nm the torque is
€ zero-point energy due to electromagnetic quantuny e, by a factor of 2 with respect to the case of vacuum.
qugtuanns depends on 'the distance between the twp INteT- Note that at short distances, the torque in ethanol is actu-
acting plates. If the conditior, < e;< e, (Or e<e€s<€1) IS v |arger than in vacuuniFig. 6). At present, we do not

safisfied, the Zero-point energy per unit area |s_smaller Fave an intuitive explanation of this phenomenon.
larger separation, which means that it is energetically more

favorable for the liquid to stay inside the gap rather than
outside. As a consequence, the net force between the plates is VI. PROPOSED EXPERIMENT

repulsive. For detailed energy balance considerations and a . ) )
more rigorous proof of this statement, we refer the reader to. A Schematic view of the proposed experimental setup is

the so-callecHamaker theoremdiscussed if7]. shown in Fig. 7. A 40um diamater, 2Qum thick disk made

The net weight of the disk immersed in ethanol is given®Ut Of quartz or calcite is placed on top of a Bafiplate
by immersed in ethanol.

The optical axes of the birefringent crystals are oriented

as in Fig. 1. According to the arguments in the previous
Fgr = = SNpdisk— Pethanol 9. (4.2 section, the disk should levitate approximately 100 nm above

the plate and should be free to rotate in a sorfriationless

bearing A 100 mW laser beam can be collimated onto the
whereS is the surface of the dishj is its thicknesspgisc s disk to rotate it by the transfer of angular momentum of
the mass density of either quart2643 kg/n¥) or calcite light. A shutter can then block the beam to stop the light-
(2760 kg/n?), pethano IS the mass density of ethanol induced rotation. The position of the disk can be monitored
(789 kg/n¥), and g=9.81 m/$. The arrow on the curves by means of a microscope objective coupled to a CCD cam-
reported in Fig. 5 indicates the distance at which this force i®ra for imaging.
counterbalanced by the retarded van der Waals repulsion. In Using the laser, one can rotate the disk uétilw/4. Once
both the cases under investigation, the equilibrium separatiotihe laser beam is shuttered, the disk is free to rotate back
is about 100 nm. This distance can be tailored to the experitowards the configuration of minimum energy according to
mental needs by changing the thickness of the disk. the following equatior(see Appendix
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ccb I S ——— ment. Concerning Brownian rotation, in the case of a calcite
aser — Wl oz disk the rotation induced by the driving torque is approxi-
" mately a factor of 5 larger than the one associated with ther-
i mal fluctuations, which should thus not impede the observa-
Microscope T oCalete W tion of the effect. On the other hand, for a quartz disk,
objective —> i TP Brownian and quantum electrodynamical rotations are com-
0 20 40 60 80 100 120 . . .
H ¢ (mimutes) parable. An accurate statistical analysis of a large number of
Quartz or Calcite ;"Beam stop experiments should still allow one to distinguish the rotation

LiguigBihanel induced by electromagnetic quantum fluctuati¢e]. It is

also important to stress that thermal effects might actually be
significantly smaller. The equations used to calculate the
Stokes-Einstein coefficients are only valid for a disk im-

T mersed in a bulk liquid far away from any other object. In

the proposed experiment, the disk is close to the plate: the
presence of the plate increases the drag coefficient for the
disk, which should thus be less sensitive to thermal fluctua-

FIG. 7. A sketch of the experimental setup proposed in thistions. Finally, it is worth emphasizing that Brownian motion
paper. Inset: calculated value of the angle between the optical axgg the vertical direction can also be neglected. From Fig. 5,
of the two birefringent crystals as a function of time. one can see that in order to move the disk a few nanometers

away from the equilibrium position, one must apply a force
. TR - ) on the order of 0.1 nN. This roughly corresponds to an en-
16+ >~ no=asin20), (6.1 ergy equal to 10 J (=600 meV}; i.e., more than one order
of magnitude larger thakgT (=25 meV).

) ) ) o One could argue that it might be difficult to distinguish
where R is the radius of the diski is its momentum of the cause of the rotation of the disk from other effects that
inertia, 7 is the viscosity of ethandll.2x 10°° Ns/n?), dis  could mimic the phenomenon under investigation. Surface
the distance between the disk and the plate, @sith(26) is  roughness, charge accumulation, and liquid motion could be
the torque due to quantum fluctuations. For an estimate afpical reasons. Electrostatic effects due to surface charges
the time evolution, we have determinedfrom Fig. 6 and  on the plates can be screened out by changing the concentra-
solved Eq.(6.1) for 8(t=0)=m/4 and@(t=0)=0. The results tion of ions in the liquid, so that the Debye screening length
are reported in the inset of Fig. 7. Note that the rotation igs much smaller than the separation between the p[&fes
overdamped in both cases: the disk moves asymptoticallffurthermore, there are two defining properties that should
and monotonically towards the equilibrium position. For thehelp experimenters rule out spurious effedig:the torque
calcite disk, easily measurable rotations should be observéfiduced by quantum fluctuations has periodicity and (ii)
within a few minutes after the laser beam shutter is closedthe sign of the torque depends on whether the experiment is
The quartz disk would rotate much more slowly, and it isperformed with a quartz or a calcite disk. For example, a
guestionable whether its rotation could be detected or nocgalcite disk would rotate clockwise if initially positioned at
However, it is worth stressing that the setup presented abova/4 or %w, and anticlockwise if initially positioned étw or
is not yet optimized. Disks with different dimensions and ;7177. For a quartz disk, one would obtain the opposite behav-
geometries might rotate more quickly. Suitably engineeredor. An experimental observation of the dependence of the
samples could also result in more favorable experimentalotation direction on the initial position and on the choice of
configurations. For example, a thick layer of lead could bethe interacting materials would thus indicate that the disk is
deposited on a portion of the disk to make it heavier: the dislksolely driven by the quantum fluctuations of the electromag-
would then float at a smaller distance, where the magnitudaetic field. As an additional proof, the experiment could be
of the driving torque would be larger. Furthermore, the use ofepeated by placing the disk over a nonbirefringent plate
a different liquid with optical properties similar to ethanol with €(i&) > eunanofi). The retarded van der Waals force
but with a smaller viscosity would significantly increase thewould still be repulsive, but there would be no torque in-
angular velocity of the disk. Finally, a more sophisticatedduced by quantum fluctuations.
optical setup could be implemented for the measurement of
small rotations.

It is also important to evaluate to what extent thermal
fluctuations influence the experiment. The translational and
rotational Stokes-Einstein diffusion coefficients for the disk Calculations were performed usingaTHEMATICA (Ver-
can be considered, in first approximation, equal to the onesion 5, Wolfram Resear¢hAlthough integrals and summa-
of a thin disk with the same radius; i.eD;=3kgT/327R  tions are estimated to be exact with a level of accuracy
=0.016um?/s and D,=3kgT/327R3=4Xx 10" rad/s, re- =1%, the overall results cannot be considered equally pre-
spectively[42]. From this rough analysis, one can immedi- cise. The model used for the dielectric function of the mate-
ately conclude that the lateral Brownian motion of the diskrials [Eq. (3.2)] is in fact relatively imprecise. To give a
should be extremely slow and should not affect the experisense of how much the model might affect the results, we

disk \ V /

EBEBe——>=— BaTiO; plate

Antivibration platform

VIl. PRECISION AND LIMITS OF PREVIOUS
CALCULATIONS
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will reconsider below the configuration of quartz-ethanol-ported by NSEQNanoscale Science and Engineering Cen-
BaTiO;. In our previous calculations we assumegly  ter), under NSF contract number PHY-0117795.

=0.85x 10" rad/s. This value is the average of the two val-
ues available in the literatur87]: wjr;=0.7x 10" rad/s
and wr,=1x 10" rad/s. Atd=100 nm andé=m/4, both
the torque and the Casimir-Lifshitz force that one obtains consider a disk of radiuR rotating at angular velocit'ﬁ
using eitherwig; or wpr, differs from the results obtained parallel to a surface at distandeand immersed in a liquid

with the average by less than 14%. This discrepancy is due tQjth viscosity 7. Inside the gap, the velocityof the liquid is

the infrared. As a consequence, a large contribution to the

summation in Eq(2.2) comes from the first few termg.e., _Z

for small n), which correspond to relatively large wave- u(r,(I),z)-ard, (AD)

lengths. This means that if the model is not accurate enough ) o ) )

in that region, larger errors can be introduced in the calculaWWhere we have introduced cylindrical coordinafesP, z} in

tion. the reference system reported in Fig. 1. The stress induced by
Although it is obvious that in order to compare experi- the viscosity of the liquid on an infinitesimal area of the disk

ment to theory a deeper knowledge of the dielectric properdt coordinategr, ®,d} is given by

ties of the materials is needed, the use of slightly different au(r,®,2)

values of the parameters i ¢) does not significantly influ- r,®)=17y —

ence the order of magnitude of our results.

APPENDIX

: (A2)
(z=d)

0z

VIIl. CONCLUSIONS The total torque due to the viscosity of the liquid then reads
We hgve performed detailed nume_rical calcullatio_ns of the Mp = JZW dCDfR Hr,®)rrdr = EEAW, (A3)
mechanical torque between a 4fn diameter birefringent 0 0 2
disk, made of quartz or calcite, and a BaZi@irefringent )
plate. At separations of the order of a few hundreds of naWhich leads to Eq(6.1). _ ,
nometers, the magnitude of the torque is of the order of ItiS interesting to note that the drag is dominated by the
10"1° N m. We have shown that a demonstration of the effecforque due to the liquid inside the gap. To estimate the con-
could be readily obtained if the birefringent slabs were im-tribution to the drag of the surrounding liquid, one can cal-
mersed in liquid ethanol. In this case the disk would float orculate the drag expected if the ‘bjd'lskk were rotating in bulk, far
top of the plate at a distance where the repulsive retarded vaivay from any other surfacéd!p™). For the configuration
der Waals force balances gravity, giving rise to a mechanica®f our experiment, one can assume that
bearing with ultralow static friction. The disk, initially set in 32 . _
motion via transfer of angular momentum of light from a = R0 < MRk < 877R%0, (A4)
laser beam, would return to its equilibrium position solely 3
driven by the torque arising from quantum fluctuations.  \here the lower and the upper limits refer to the torque ex-
ACKNOWLEDGMENTS pected for a thin disk and for a sphere, respectiyéB;43.
For the configuration of our experiment, the drag due to the
Enlightening discussions with L. Levitov and H. A. Stone surrounding liquid is thus between 15 and 30 times smaller
are gratefully acknowledged. This work was partially sup-than the one obtained from E(A3).
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