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Reply to “Comment on ‘Precision measurement of the Casimir-Lifshitz force in a fluid’ ”’
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We have reviewed the Comment of Geyer et al. [preceding paper, Phys. Rev. A 77, 036102 (2008)]
concerning our recent work [Phys. Rev. A 75, 060102(R) (2007)], and while we disagree with their criticisms,
we acknowledge them for giving us the opportunity to add interesting addition material and a more detailed
description of our experiment. We further describe our calculation and explain why a more sophisticated model
is not warranted. We also present detailed experiments on the effects of electrostatic forces in our measure-
ments and show that the contribution due to work function differences is small and that the residual electro-
static force is dominated by trapped charges and external fields within the apparatus. Finally, we estimate the
effect of double-layer interactions. These additional calculations and measurements support our original con-
clusion that the experimental results are “consistent with Lifshitz’s theory.”
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First, we address the remarks [1] concerning the model
and data for the dielectric functions used for the calculation
of the Casimir force in our paper [2]. The m(;del we used for

w;

gold was a Drude model &(w)=1 —m, where  ®,
=9.0 eVand y=0.035 eV. We did not modify this model for
high frequencies in contrast to the calculations of Ref. [1].
This is the reason for the nonagreement. We only used the
Drude model because, in absence of a real measurement of
the dielectric properties of the materials used in the experi-
ment, a more sophisticated model for (w) cannot provide a
“true” theoretical curve. We add here detailed calculations of
the Casimir force using different models for &(w) and con-
clude that it can vary by 25% or more (depending on dis-
tance) and that our original calculation using the simple
Drude model falls within this range of possible force curves.

In particular, using the same procedure as Ref. [1], we
have performed calculations that take into account the rela-
tively large spread of published data for the dielectric func-
tion of gold (see Fig. 1). It is indeed widely known that the
values of the dielectric properties of metallic films can vary
in a significant range (~10-20 %) due to different film
preparation conditions. We (and all other groups performing
Casimir force measurements thus far) have not reported mea-
surements of the dielectric function for the actual films used
in the experiments, which would have to be performed over
an extremely wide frequency range for the gold thin films
deposited on the plate and the sphere to test the accuracy and
relative merits of different calculations for comparison to
experimental force data as already pointed out by a number
of authors [3-5].

Figure 1 shows our calculation of the Casimir force using
the same methodology as Geyer ef al. for obtaining the di-
electric function from different Drude model parameters [3]
and different optical data, taken either from Palik [6] (band
with vertical lines) or Weaver [7,8] (solid band); the band
with horizontal lines is where the solid band and the band
with vertrical lines overlap. The lower boundary of the force
calculations in Fig. 1 corresponds to those of Geyer et al. It
is therefore obvious that had they used different values for
the dielectric function (dependent on the properties of differ-
ent films reported in the literature) they would have obtained
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a significantly smaller value of the force. We emphasize that
the data of Palik do not correspond to any single gold film
but rather were assembled from different authors who per-
formed measurements on different samples using different
deposition processes in order to cover the frequency region
quoted in Palik. Our original calculations (dashed curve) fall
within the range of possible force curves obtained with a
more refined model for the dielectric function. In light of the
above analysis, there is therefore no reason to prefer one of
these calculations over any other using the Lifshitz theory.
Second, the authors of the Comment claim that we have
underestimated the attractive electrostatic force by a factor of
590; however, this is based on the assumption that the elec-
trostatic force is due only to chemical potential differences.
Additional experiments presented in this Reply contradict
this notion and indicate that the resulting electrostatic force
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FIG. 1. (Color online) Calculations of the Casimir force be-

tween a gold sphere and a gold plate immersed in ethanol using
different data for the dielectric function, performed using the same
method of Ref. [1]. Bands correspond to possible values of the
Casimir force resulting from different Drude parameters (deter-
mined from experiments on different samples) from Ref. [3] and
from the optical data of Weaver (solid band) or Palik (band with
vertical lines). The band with horizontal lines corresponds to an
overlap between both sets (Weaver and Palik). The calculation of
Geyer et al. corresponds to the maximum magnitude of the force
using Palik’s data, while our original calculation from Ref. [2] is
closer to that of Weaver’s data.
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in our experiments depends primarily on effects other than
chemical potential differences. These include spatial varia-
tions of the work function due to grain boundaries in poly-
crystalline metal films, electrostatic fields caused by charges
trapped at the grain boundaries, adsorbed species [9-12], and
most importantly, external stray fields. In the following, we
will describe how we (a) determined the origins of the elec-
trostatic forces, (b) determined that the contribution of the
electrostatic force to the total measured force is small and (c)
estimated the residual electrostatic force.

We first consider the origin of the electrostatic forces en-
countered in real world experiments. The notion that the re-
sidual potential difference, usually denoted as V), is nonzero
between two films of the same metal (in contact) is itself a
manifestation of the significance of surface and interface ef-
fects. The nonideal interface between the gold and air or
ethanol results in a V,, which is not simply equal to the work
function difference between the two metal surfaces in
vacuum. This fact was pointed out in the original measure-
ments of the Casimir force by Sparnaay [9], who noted that
the difference in surface potentials “depends on the sur-
rounding atmosphere and shows drift.” Overbeek later noted
in the first reliable and systematic measurements of the Ca-
simir effect using a plate-sphere configuration in air [10] that
“in spite of careful compensation for the Volta effect, other
electrostatic effects influenced the measurement. Although
the origin of these forces is not properly understood it has
been possible to eliminate these disturbing effects too.” Such
effects can be caused by nonuniform work functions, known
as patch potentials, and trapped surface charge, which lead to
residual potential differences that depend on position and
time [11,12]. Finally it is worth noting that a decade of Ca-
simir force measurements by a number of groups [13-17]
(and references therein) have shown that V, has a large vari-
ability (typically in the tens of mV to ~0.5 V range), in
contradiction with the claims in Ref. [1] that the variation is
small.

While it is often difficult to quantify the origin of the
various contributions to the electrostatic forces, they in gen-
eral result from work function differences, trapped charges,
and stray external fields. These forces behave differently
when the environment is changed from air to ethanol. In the
simplest case, electrostatic forces due to work function dif-
ferences will be increased by a factor of &.y,.01, the dielectric
constant of ethanol, while the force arising from trapped
charge and external fields will decrease by a factor of &.yanol
due to the induced dielectric polarization. Performing the
additional experiments described below using the same con-
figuration as the original report [2], we have confirmed that
the electrostatic force due to work function differences is
small and have estimated the residual electrostatic force to
arise mainly from stray fields. This is the reason we stated
that the electrostatic force is reduced by a factor of &.yan01
[2], rather than increased by &.phano @S is suggested by the
authors of the Comment.

To determine the residual electrostatic forces in ethanol,
the effect of grounding the sphere and/or the plate was first
investigated. Figure 2 shows data using a cantilever and the
measurement scheme described in our original paper [2],
where the detector signal is proportional to the deflection of

PHYSICAL REVIEW A 77, 036103 (2008)

—_—
Y
N

= |
E 5 ; -
: a (1) sphere and plate grounded
© A& (2) sphere grounded, plate not grounded
g) -10 o (3) neither sphere nor plate grounded
(2 L 0
g - bR
am] ] N
.9 ~a -10 i } i i ﬁ iﬁﬁ {
5 E > :
L 204 5 20 q L
5] s}
(@] 25 - @ ) T T T T
30 40 50 60

I I I I [ I I
50 100 150 200 250 300 350
Piezo Displacement (nm)

In ethanol

’é\ O ] e s 28 B 88 S S 5 o o
=
= 05 In ethanol
S 4| |1> 00 X morn
= - m',‘wm\m
(5} 05 [
© X 10 In air
e s In air 15
% 20
= -15 - 25 T T T T )
c 50 100 150 200 250 300
©
(@] I I I I I

0 200 400 600 800

Piezo Displacement (nm)

FIG. 2. (Color online) Raw cantilever deflection data. The de-
tector signal is proportional to the cantilever deflection and hence to
the force between the Au metallized plate and sphere. Zero piezo
displacement corresponds to contact between the sphere and plate
with the cantilever undeflected. (a) Three different grounding op-
tions are considered: grounding both the sphere and plate (squares),
grounding just the sphere (triangles), and no grounding (circles).
Inset: Data for small separations showing the variation of the force
between these different cases. Error bars represent the standard de-
viations from five measurements. Only 1/3 of the data points are
shown for clarity. (b) Deflection in air (dashed gray line) and in
ethanol (solid black line) for both the sphere and plate grounded.
Inset: Cantilever deflection versus piezo displacement in the range
of 40-300 nm. The electrostatic force is dominant in air above
100 nm. The data show that it is strongly reduced in ethanol com-
pared to air. The data were reproduced with several spheres.

the cantilever and hence to the force by Hooke’s law. Three
different grounding situations were considered: (1) ground-
ing both the sphere and plate, (2) grounding only the sphere,
and (3) floating both the sphere and plate (no grounding).
Note that because the force calibration technique relies on
the hydrodynamic force rather than the electrostatic force
[2], measurements of the cantilever displacement, and hence
force, can be made with or without grounding the sphere
and/or plate. The data [Fig. 2(a)] clearly show that for the
three cases, the error bars (indicating sample standard devia-
tions) are overlapping. To quantify the relevance of the ob-
served deviations, we tested their statistical significance by
applying an unpaired 7 test [ 18] (according to Satterthwaite’s
approximation) with a two-sided alternate at two different
separations (30 and 55 nm) for cases (1) and (3), which have
the largest difference in means. We obtained P values of
0.0788 and 0.4977 for separations of 30 and 55 nm, respec-
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tively; thus at 30 nm, there is an ~8% chance of being
wrong by rejecting the null hypothesis, while there is a
~50% chance of being wrong by rejecting the null hypoth-
esis at 55 nm. We therefore conclude that for these data, the
difference in the means is not statistically significant at the
0.05 level; however, the difference is significant at the 0.1
level for the smallest separation, 30 nm. Thus, we are not
willing to reject the null hypothesis in our experiment with a
high level of confidence. If we were to reject the null hypoth-
esis and consider the possible difference in the means for the
three cases to be significant, the difference is much smaller
than calculated by Geyer et al. under the assumption that the
electrostatic force measured in air arose only from charge
transfer between the Au films due to work function differ-
ences (Volta effect) [1]. We thus conclude that the total de-
flection arises from the sum of the Casimir force and, possi-
bly, small electrostatic forces which arise from sources other
than work function differences. We expect therefore that
when comparing the cantilever deflection in air to that in
ethanol that the latter should be greatly reduced due to di-
electric screening. The second set of experiments [Fig. 2(b)],
repeated many times with several spheres and plates, con-
firms this expectation. In all cases, the electrostatic interac-
tion between the grounded plate and the sphere was greatly
reduced upon insertion of ethanol (note: experiments per-
formed without grounding the sphere and plate showed a
similar reduction). In air the electrostatic force is large com-
pared to the Casimir force for distances >100 nm; therefore
the data of Fig. 2(b) clearly show that the electrostatic force
in the presence of ethanol is reduced, to a level comparable
to the noise.

Because we have shown that a work function difference
gives at most a small contribution to the force in ethanol at
short range where the Casimir force is dominant [Fig. 2(a)],
we want to determine a worst case scenario for the contribu-
tion due to stray external fields at these distances. If we
assume that the force resulting from the potential difference
measured in air is due entirely to such charges and fields, the
electrostatic force in ethanol would be reduced to Fiyanol
=F i/ €cthanol- We note that the equation used on page 3 of
Ref. [2] to estimate the residual force is not strictly correct
because F, # —szOVé/ d due to the complexity of the re-
sulting electrostatic force described above; however, the
overall effect of the fluid is to reduce F; by 1/€manol-

Third, we address the criticism in Ref. [1] that we did not
discuss the effect of double-layer forces in Ref. [2]. These
were not mentioned because their effect is generally small
unless additional salt ions are added to the relatively pure
initial solutions. Furthermore, the effect of an ionic solution,
as opposed to a pure solvent, is to further reduce the electro-
static contribution to the total force. The authors of the Com-
ment cite Ref. [19] for experimental evidence of such double
layers; however, the authors of Ref. [19] only report double-
layer forces in aqueous solutions and not in ethanol (note:
additional experiments on double-layer forces are discussed
in Ref. [20], and references therein). Between conducting
surfaces in ethanol, they conclude that “the small attractive
force just before the tip jumps into contact is due to van der
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Waals interaction.” This does not mean that double-layer
forces are nonexistent in ethanol, but rather that the van der
Waals force is large by comparison. It is well known that the
van der Waals force is the nonretarded limit of the Lifshitz
force for small separations, and thus, our results [2] are in
agreement with the conclusions of Ref. [19].

To consider the possibility of double-layer screening in
our original experiment (note that no salt ions were added to
the solution), we have calculated the approximate Debye
screening length due to possible impurities by assuming that
the residue left upon evaporation of the fluid (0.00036% by
mass) [21] is from a common salt, NaCl, as suggested by the
authors of the Comment. This leads to a maximum concen-
tration of a 48.6 uM and a Debye length of A=24 nm [20].
This causes an additional screening of the electrostatic force
in ethanol; however, it is not large enough to screen the force
due to a V=130 mV resulting from a work function differ-
ence, as suggested by Geyer et al. [1]. The electrostatic force
in ethanol would be Fpanoi=—(TREchanoi€0Va/d)e A, the
first factor accounting for the enhancement of the field upon
immersion in the fluid, and would have a value of 1.2 nN at
d=40 nm. This is approximately five times larger than the
forces we measure in ethanol. Thus, this does not support the
hypothesis of Geyer er al. that large electrostatic forces exist
which are screened by the double layer. However, the fact
that salt contaminants exist even in the purest available so-
Iutions means that all electrostatic interactions in our experi-
ment are further screened.

In summary, from detailed additional measurements pre-
sented in this Reply, we conclude that electrostatic forces
give negligible contributions in the range of distances of our
measurements. Furthermore, Debye screening additionally
reduces the electrostatic force. It should also be noted that
the hydrodynamic force may play a greater role in the total
residual force if the electrostatic force is completely
screened. In this case, the residual force would be 12 pN at
40 nm. This corresponds to less than 5% of the total force at
this separation, which is within the error bars shown in Fig.
3 of Ref. [2].

In conclusion, we have answered the questions raised by
the authors of the Comment and have shown additional data
to help clarify the origins of the residual electrostatic forces,
which support our original conclusions. The significance of
our original paper [2] stems from it containing the measure-
ment of the Casimir force in a fluid and from verifying that it
generally follows the Lifshitz theory. The latter is a non-
trivial point due to the presence of dissipation in the dielec-
tric, as recently pointed out to us [22], because “there is no
general equation for the stress tensor in a dielectric with
dissipation. Expression of the tensor in the terms of fluctua-
tions is a nontrivial problem, which can be solved in the
thermodynamic equilibrium only. After, of course, one uses
the fluctuation dissipation theorem to calculate the fluctua-
tions.”

We are grateful to L. Pitaevskii for useful correspondence,
to M. Romanowsky, A. Parsegian, and G. Carugno for dis-
cussions, V. B. Svetovoy for providing optical data, and P.
Wolfe for assistance in the statistical analysis.
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