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Casimir force measurements in Au-Au and Au-Si cavities at low temperature

J. Laurent, H. Sellier, A. Mosset, S. Huant, and J. Chevrier
Institut Néel, CNRS et Université Joseph Fourier, B.P. 166, F-38042 Grenoble, Cedex 9, France
(Dated: October 31, 2018)

We report on measurements of the Casimir force in a sphere-plane geometry using a cryogenic force
microscope to move the force probe in situ over different materials. We show how the electrostatic
environment of the interacting surfaces plays an important role in weak force measurements and can
overcome the Casimir force at large distance. After minimizing these parasitic forces, we measure the
Casimir force between a gold-coated sphere and either a gold-coated or a heavily doped silicon surface
in the 100-400 nm distance range. We compare the experimental data with theoretical predictions
and discuss the consequence of a systematic error in the scanner calibration on the agreement
between experiment and theory. The relative force over the two surfaces compares favorably with
theory at short distance, showing that this Casimir force experiment is sensitive to the dielectric

properties of the interacting surfaces.

PACS numbers: 07.10.Pz, 12.20.Fv, 73.40.Cg, 78.20.Ci

I. INTRODUCTION

Nanoelectromechanical systems (NEMS) are used in a
broadening range of applications, such as actuators, sen-
sors, resonators, or modern nanocharacterization tools.
Size reduction not only allows for shrinking the energy
consumption and for shortening the response time, but
it also allows integrating a broader range of functionali-
ties on a single chip® However, quantum physics comes
into play at the nanoscale and can affect NEMS behav-
ior2 Understanding these effects, and possibly control-
ling them, is a necessary prerequisite to optimize NEMS
design. In turn, new applications driven by quantum ef-
fects can emerge, in particular in the field of ultra-high-
sensitivity force or displacement detection.

The Casimir force, discovered in 1948, is the archetypi-
cal force in this framework.® Its purely quantum origin re-
sults from the zero-point fluctuations in the electromag-
netic field. Since its theoretical prediction, the Casimir
force has attracted the interest of a large community of
scientists ranging from cosmologists® to NEMS design-
ers® through solid-state physicists. Experimentally, the
first confirmation® of the Casimir effect was reported as
early as 1958, but the first quantitative study” of the
Casimir force using a torsion pendulum was reported not
before 1997. Soon after, an important activity has been
triggered thanks to the use of atomic force microscopes
(AFM)® or microelectromechanical systems (MEMS). 10
Most of the experiments have been carried out with a
cavity in the sphere-plane geometry and very few in the
plane-plane geometry 112 that requires highly parallel
surfaces.

The limited number of groups working on Casimir force
measurements confirms how difficult these experiments
ared This is explained by the small magnitude of this
force as compared to the electrostatic force, and by the
stronger distance dependence scaling like the inverse of
the fourth (third) power of the distance in plane-plane
(sphere-plane) geometry. In order to check the validity
of theories describing fundamental forces, the precision of

the experiments has been continuously improved, using
metallic or semiconductor materials like Au-Auy ¥4I
AILA1BL2 Cr-Cr M Au-Cu MV Au-Ge 20 Au-Si2tH23l Ay-
Si grating?* Ge-Ge,*” and Au-indium tin oxide2® In
parallel, the influences of layer thickness/ 248 surface
roughness?? grating structure 3% and material conductiv-
ity?1"33 have been studied theoretically to provide models
for comparison or stimulate new experiments.

In this paper, we report on a detailed study of the
Casimir force between a gold-coated sphere and a doped
silicon substrate at liquid helium temperature (4.2 K) and
compare it in situ with the case of a gold-coated surface.
The use of the sphere-plane geometry avoids the chal-
lenge of controlling with high accuracy the parallelism
of two flat surfaces separated by a submicron gap. Our
aim is to reveal the dependence of the force on the ma-
terials properties and to compare it quantitatively with
theory. Thermalization at low temperature provides an
exceptional mechanical stability of the interacting sur-
faces, which is highly beneficial for long-term force mea-
surements. In principle, it should also improve the force
sensitivity because of a reduced Brownian motion of the
cantilever, but other effects, such as optomechanical cou-
plings, degrade the expected increase in sensitivity in our
experiment. Cooling down the experiment®¥ also sup-
presses the thermal contribution of the Casimir force*>
allowing a direct comparison with the zero-temperature
theoretical calculations.

After a complete description of our calibration pro-
cedure, we show that parasitic forces can perturb sig-
nificantly the Casimir force measurements and that the
setup environment can be modified to suppress this ar-
tifact. We then discuss the variations of the minimizing
potential with distance by considering first the patch po-
tential effect,®® and then a simple electrostatic model”
that reproduces the data. Finally, we present relative
measurements of the Casimir force in the 100-400 nm
distance range obtained by changing in situ the sample
surface from gold to silicon. The relative force between
the two materials is in qualitative agreement with theory,



FIG. 1: Drawing and photograph of the microscope head at
the bottom part of the cage structure. The functional parts
of the microscope, labeled by capital letters, are described in
the text.

but the absolute values of the force show a systematic
error with respect to the theoretical predictions that are
tentatively attributed to an aging of the scanner calibra-
tion.

The paper is organized as follows. Section II describes
the homemade low-temperature force microscope. Sec-
tion IIT explains the force measurements and data anal-
ysis. Section IV discusses the origin and suppression of a
long-range residual force due to the electrostatic environ-
ment. Section V presents the results on the minimizing
potential and Casimir force obtained for gold and silicon
surfaces. Conclusions are drawn in Section VI.

II. LOW-TEMPERATURE FORCE
MICROSCOPE

We developed a new force microscope working in a
cryogenic environment at 4.2K, as an evolution of the
room-temperature instrument developed by Jourdan et
al™® The structure of the low-temperature instrument
takes the shape of a 50-mm-diameter and 120-cm-long
modular system based on a tubular cage® This cage
structure links the top of the instrument (that bears all
the electrical and optical connections) to the microscope
head located at the very bottom. The main parts of
the microscope (marked by capital letters in Fig. [1)) are
described below.

The force probe is based on an AFM cantilever with a
40-pm-diameter polystyrene sphere fixed at the extrem-
ity with standard epoxy glue (A). The sphere and can-
tilever are coated with gold (more than 200nm on the

sphere side and 80nm on the backside) to provide an
electric contact to the sphere, which is one of the Casimir
mirror. The root-mean-square roughness of the gold sur-
faces is around 3nm, as measured by AFM. The probes
have typically a resonance frequency fy about 40 kHz and
a spring constant k about 10N/m. The cantilever chip
is glued with silver paint on a holder (G) made of an-
odized aluminum and then fixed on a long holder (H).
The cantilever is mechanically excited at resonance by
a piezoelectric dither (I). The sample (B) is mounted
with silver paint on a holder (D) that is separated from
the piezoelectric z-scanner (F') by a grounded aluminum
plate (E) for electrostatic screening of the high voltages
applied to the scanner. The cantilever motion is mea-
sured with a compact optical detection compatible with
the severe space constraints of cryogenics, using the
interferometric cavity formed by the flexible cantilever
and the extremity of a single-mode optical fiber (C) an-
chored to the holder (J). The fiber is positioned above
the end of the lever with a set of XYZ cryogenic inertial
motors (M1) and adjusted such as to obtain an interfer-
ometric cavity with good displacement sensitivity. The
sample is approached below the force probe with another
set of motors (M2) and the scanner (F) is used to finely
tune the gap between the two surfaces. The scanner has
been calibrated by interferometry and the hysteresis has
been determined for defined scanner extensions. It could
be, however, that this calibration slightly evolves in time
after successive thermal cycles as discussed later in the
analysis of the results.

The microscope and the entire cage structure are sealed
into a 2-in.-diameter stainless steel tube evacuated to a
secondary vacuum and flushed with helium gas. The tube
is then filled with a low pressure of helium exchange gas
(10 mbar at room temperature) and immersed in a liquid
helium cryostat. During cooling down, it is necessary
to continuously readjust the optical cavity with the M1
motors to compensate for thermal contractions.

Measurements at low temperature have the advan-
tage to benefit from strongly reduced thermal drifts and
thermomechanical noises that usually limit the room-
temperature experiments. For instance, position drifts
of about 1nm/min at 300K are found to be reduced to
less than 1nm/h at 4 K. This is of particular importance
in the present study because the Casimir force strongly
depends on distance. In the same way, the frequency
drift of the cantilever resonance is strongly suppressed
from 3mHz/min at 300 K down to a negligible value at
4 K. Finally, another advantage of cryogenic temperature
is to strongly suppress the cantilever Brownian motion
induced by thermomechanical force fluctuations.

In such cryogenic conditions, the force detection sen-
sitivity is essentially limited by the optical readout of
the cantilever position. The intensity fluctuations of the
laser beam are here the main source of noise, well above
the noise of the photodiode and its amplifier. In particu-
lar, optomechanical couplings like radiation pressure and
photothermal stress convert this intensity noise into can-
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FIG. 2: (a) Frequency shift A f of the cantilever resonance as a
function of the time elapsed during a forward (left) and back-
ward (right) scan of the sample toward the sphere fixed on
the cantilever. Forward and backward scans are not perfectly
symmetric because of the scanner hysteresis. (b) Examples of
A f(V) parabolas recorded by sweeping the probe-surface bias
V for different scanner positions zscan. (c) Fit of the parabola
curvatures C' versus scanner position zscan used to obtain the
force calibration factor 8 and the position zo of the contact.

tilever displacement noise, called backaction noise. As
a consequence, the low-temperature force sensitivity is
found to be of the same order as the room-temperature
sensitivity v/Spr ~ 10 fN/\/E This situation could be
improved by a broadband stabilization of the laser beam
intensity or by the coherent coupling of laser noise and
backaction noise, as demonstrated recently in our inter-
ferometric setup 2 Therefore the only, but very reward-
ing, advantage of the low temperature turns out to be
the exceptional mechanical stability of the microscope.

These retarded optomechanical forces also modify the
resonance frequency and damping rate of the microlever
through an optical spring effect induced by the inter-
ferometric process 43 Depending on the optical cavity
detuning, this effect can induce self-oscillations?#42 or
provide self-cooling of the thermal noise 4948 The detec-
tion conditions have thus been optimized by choosing the
cooling side of the detuning and by adjusting the laser
power.

III. DATA ACQUISITION AND CALIBRATION

Instead of measuring directly the electrostatic or
Casimir force F'(z) in static mode, we measure its force
gradient G(z) = % in dynamic mode, which is given by
the frequency shift Af = —%G of the cantilever reso-

nance. The lever is excited with a piezoelectric dither at
its mechanical resonance and the lever vibration is mea-
sured by interferometry with the optical fiber. The oscil-
lation amplitude and phase are recorded with a lock-in
and a phase-locked loop tracks the resonance frequency f
when the probe is submitted to a force gradient. The res-
onance frequency shift is defined by Af = f — fy, where
fo is the free resonance frequency.

Since the zero sphere-plane distance cannot be de-
termined by bringing the sample into contact with the
sphere, which would irreversibly damage the gold coat-
ing of the surfaces, the absolute distance is determined
by electrostatic calibration. During a sequence of force
measurements, the sample is approached to the sphere
by small steps, and for each scanner position zgcan, the
resonance frequency shift Af is measured for different
bias voltages V applied to the sample with respect to the
grounded sphere [Fig. (a)]. The voltage is varied typ-
ically over £200mV around the potential Vi, which
minimizes the electrostatic force between the probe and
sample. We obtain a series of Af(V) curves [Fig. 2(b)],
which are fitted by the second-order polynomial:

Af =C(V = Viin)? + Afumin (1)

where C, Viin, and A fiin are three adjustable parame-
ters. The first term on the right-hand side corresponds
to the capacitive force, and the second term is the fre-
quency shift due to the remaining forces, including the
Casimir force, obtained for V = V,;, at the summit of
the parabola. The curvature coefficient C' is plotted as a
function of the scanner position zg.., and fitted with

B

¢= (Zscan - 20)2

(2)

to obtain the sphere-sample contact position zy and the
force probe calibration parameter 3 [Fig. c)] The ab-
solute distance between sphere and sample is then given
by z = Zscan — 20- We have additionally checked that the
cantilever static deflection generated by the electrostatic
force and the Casimir force is negligible in the studied
separation range 4

The theoretical expression of the sphere-plane capaci-
tive force gradient gives 5 = —%, where fj is the free
resonance frequency, R the sphere radius, ¢y the vacuum
permittivity, and k the cantilever stiffness. The exper-
imental value of 8 extracted from the fit can therefore
be used to transform the measured frequency shift A f
into a “reduced force gradient” G/R without any other
parameter:18

G_ 2 . Te&
- RN = A (3)

This electrostatic calibration of the force probe using the
only parameter 3 is more relevant than the precise mea-
surement of R and k. The traditional determination of
k based on the thermal noise spectral density and the
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FIG. 3: Reduced force gradient at Vmin versus distance be-
tween two gold surfaces in sphere-plane geometry (measured
at 300K). Experimental data are compared with the theo-
retical prediction of the real Casimir force and with a model

containing an additional long-range contribution scaling like
1/2148.

equipartition theorem is indeed not possible at 4 K be-
cause of the dominant detection and backaction noises

The measurement of G/R in sphere-plane geometry
allows a direct comparison between experiment and the-

ory within the so-called proximity force approximation
(PFA)50

555:2w%forz<<R (4)
where Fj,/A is the force per unit area in plane-plane
configuration, which is the quantity usually calculated
by theory.

The determination of the free resonance frequency fo
is a difficult but important issue, since it defines the ori-
gin of the frequency shift. This determination cannot be
done when the sample is further away from the probe
than the scanner range (1.5 pm), because using the step
motor would cause slight changes of fy, due to mechani-
cal vibrations that modify the system. In practice, fy is
determined just before starting the force measurements,
at the maximum scanner distance, and subsequently, we
slightly adjust this value during the post-experimental
analysis to get a residual force going to zero at infinity.
This small adjustment does not affect significantly the
data below 300 nm.

IV. SUPPRESSION OF THE LONG-RANGE
RESIDUAL FORCE

At the minimizing potential Vi, the residual fre-
quency shift A fnin should correspond a priori to the
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FIG. 4: Analysis of the long-range residual force at Vinin show-
ing the reduced force gradient G/R between two gold surfaces
measured at 300K in vacuum: (a) at two positions located
1mm apart and on a different sample with the same probe;
(b) at different temperatures and gas pressures; (c) after a sin-
gle change in the environment, either Faraday cages around
piezoelectric elements, or gold coating of the optical fiber, or
removal of the oxide layer covering the anodized chip holder;
(d) with the three above modifications implemented together.

searched-for Casimir force. The reduced force gradient
G/ R corresponding to A fi,in, (measured at 300 K) is plot-
ted in Fig. [3|as a function of the sphere-sample distance
z for two gold surfaces. The data are compared with the
theoretical prediction for Au-Au surfaces using the Drude
model 27 The force gradient in sphere-plane geometry is
predicted to change from the 1/z3 short-range regime



(van der Waals) to the 1/2% long-range regime (Casimir)
around the plasma wavelength of gold (136 nm). It is
clearly seen in the figure that the power law of the ex-
perimental force gradient changes in a very different way,
since the exponent is decreasing with distance instead of
increasing. There is obviously an additional “parasitic”
force, which overcomes the Casimir force at large dis-
tance. By fitting the difference between data and theory
at large distance using a power law with the exponent
as a free parameter, we obtain a dependence scaling like
1 / 21.8'

The origin of this parasitic force could be the inho-
mogeneity of the surface potential, which has been first
identified by Speake and Tenkel*® as a source of resid-
ual electrostatic force, which is not compensated at the
minimizing potential Viy;,. This inhomogeneity origi-
nates from the random grain orientation of polycrys-
talline films, with different contact potential on differ-
ent crystal faces, or from an inhomogeneous layer of na-
tive oxide, adsorbed contaminants, or chemical impuri-
ties. An experiment has reported such a long-range resid-
ual force that could be attributed to this patch poten-
tial effect 25951521 Apother experiment, however, with two
aluminum surfaces, could not explain the observed addi-
tional force by the spatial distribution of the contact po-
tential that was measured directly by Kelvin-probe force
microscopy®® In our case, the 1.8 power-law exponent
is larger than the value 1.44 obtained in Ref. (0.72
for force gives 1.44 for force gradient), but is close to 2
as expected for a patch potential with small grains. In
this regime, the root-mean-square fluctuations of the gold
contact potential in a granular film (Vs = 90mV )30
could be responsible for an electrostatic force gradient as
large as G/R = megV2,./2? = 0.2N/m? for z = 1 um.
This order of magnitude is compatible with the long-
range force visible in Fig. [3| above 300 nm.

However, we discovered that this parasitic force could
be suppressed after several modifications of the measure-
ment setup and is more probably due to the electrostatic
environment of the force probe. This conclusion is the
result of a detailed analysis of many experiments carried
out in different situations as reported in Fig. [d First,
we checked the reproducibility of this parasitic force by
comparing the results obtained at two different locations
on the same gold sample, and on a second gold sam-
ple [Fig. [{a)]. Only small differences are visible be-
tween all three curves, with the same long-range residual
force, therefore ruling out sample specific artifacts, like
defects or inhomogeneities. Then, we tested the influ-
ence of temperature and exchange gas used for cooling
the microscope head, because the gas confinement be-
tween the sphere and surface could have produced an
additional distance-dependent dissipation 5458 By com-
paring curves at 300 K in vacuum with curves at 4.2 K in
helium gas [Fig. [fb)], both showing the same additional
long-range component, we can rule out any significant
effect of temperature and surrounding gas. Note that
the larger noise on the low-temperature data is the re-

Chip holder

Cantilever

-

FIG. 5: Photograph showing the force probe, the optical fiber,
and the sample made of a highly doped silicon substrate partly
covered by 150 nm of gold (a third region is covered with a
layer of silicon dioxide).

sult of the optomechanical noise discussed above in the
paper. Finally, we analyzed the influence of the electro-
static environment by testing separately a few changes to
the setup, like covering the piezoelectric elements (scan-
ner and dither) with grounded Faraday cages, coating the
cladding of the optical fiber with gold, or removing the
oxide layer of the anodized aluminum parts [Fig. [{c)].
Each change has only a small impact on the parasitic
force and none of them is able to cancel the parasitic
force alone. After implementing all three changes si-
multaneously, the parasitic force has finally disappeared
[Fig. [4(d)]. We therefore conclude that the origin of this
force was probably not a patch potential effect, but more
likely a force applied by residual charges in different parts
of the microscope head. The Casimir force measurements
described in the next section have been performed in
these conditions with a clean electrostatic environment.

V. RESULTS FOR GOLD-GOLD AND
GOLD-SILICON CAVITIES

We now present our experimental results obtained at
4.2 K with a gold-coated force probe on a silicon substrate
partly covered with 150 nm of gold. The objective is to
compare the Casimir force gradient measured with the
same sphere on two different materials. We compare a
metal with a semiconductor because these materials have
very different electronic properties. The sample is made
of a heavily doped silicon substrate (1.5 x 10*° At/cm?
phosphorus doping and 4.2 m§2 cm resistivity) in order to
keep the surface conducting at low temperature 57 A re-
gion of the surface is then covered with 150 nm of gold
(e-beam evaporation) with a sharp transition with the re-
maining part of the silicon substrate (Fig. [5). The trans-
lation stage (M2) is used to move the sample and place
the selected region in front of the sphere. The Casimir
force can therefore be measured in situ on the two mate-
rials, using a single force probe in a single environment
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FIG. 6: Evolution with distance of the potential Vinin applied
at 4.2 K on the sample surface to minimize the electrostatic
force on the Au-Au and Au-Si sphere-plane cavities. Experi-
mental data are fitted by the electrostatic model Eq. (solid
lines) and by a logarithmic function (dashed line).

(gas and temperature), in order to compare the data with
better confidence than in separate experimental runs.

A. Minimizing potential

The potential Vi, applied on the sample to minimize
the electrostatic force is plotted in Fig. [6] as a function
of the sphere-plane separation. These values are stable
in time and do not depend on the position along the sur-
face. Viin is almost independent of the distance for the
silicon surface, around -560 mV, but varies strongly with
distance for the gold surface, with an asymptote around
-80mV at large distance. Since the contact potential V.
is expected to be zero for identical surfaces like in the
Au-Au case, these results show that the interpretation of
Vimin is more subtle.

Variations of the minimizing potential with distance
have been observed previously in other Casimir force ex-
periments 22520 This effect can be explained by the in-
homogeneous surface potential (called patch potential)
induced by the random distribution of crystal orienta-
tions in gold films made of interconnected grains, sev-
eral tens of nanometers in diameter, with work function
fluctuations Vims =~ 90mV 3% When the probe is close
to the surface, the interaction area is small and more
sensitive to the local crystalline orientation, whereas at

large distance, the interaction is averaged on a large num-
ber of grains. Another explanation can be the pres-
ence of a smooth gradient of material work function
along the film'®? In this context, the relation Vi, (2) =
a1 log(z) + a2 was found to mimic the logarithm trend
observed for two germanium surfaces?>**! and two gold
surfaces®® Here, the fit of our Au-Au data with this rela-
tion (dashed line on Fig. @ is, however, not satisfactory
and we propose another model.

Casimir force experiments are not the only ones to ev-
idence a distance dependence of the minimizing poten-
tial. This effect is also observed in Kelvin-probe force
microscopy and a model was developed in this context
by Hadjadj et al.*” which takes into account the interac-
tion of the probe with its entire environment. By using a
simple electrostatic model, these authors found that the
presence of metallic objects in the surrounding influences
the minimizing potential according to the relation

blz

Vmin(z) = ‘/(' + bg Tz

(5)

where by and by are related to the electrostatic poten-
tial and capacitance of the environment, and V, is the
contact potential obtained when z tends to zero. By fit-
ting our Au-Au data with this model, as shown in Fig. [6]
we obtain V., = =20 + 12mV, b; = —60 £ 12mV, and
ba = 40 + 13nm. This simple electrostatic model repro-
duces very well our experimental data and the contact
potential is found very close to zero (considering the er-
ror bar) as expected for two identical gold surfaces. This
analysis demonstrates the influence played by the envi-
ronment of the force probe on the minimizing potential
and shows that Vi, can usually not be assimilated to
the contact potential V. at finite distance.

The same analysis has been applied on the data ob-
tained on the silicon surface and we obtain V, = —565 +
4mV, by = —6+2mV, and b, = 300+800nm. Although
we could have expected a similar dependence on distance
than for Au-Au because of the same environment, the
minimizing potential is found to be almost constant for
Au-Si. An explanation might be that the sample has been
translated by a few millimeters to switch from gold to
silicon, thereby slightly changing the environment. The
constant Vi, for Au-Si confirms that the variations ob-
served above for Au-Au are not due to contact potential
fluctuations, because we should also observe such varia-
tions here, not due to the silicon surface, which is mono-
crystalline, but due to the contact potential fluctuations
over the gold-coated sphere. The microstructure of the
gold films could be, however, different on the polystyrene
sphere and on the silicon substrate, making a definite
conclusion difficult.

B. Casimir force

The Casimir force measured at 4.2 K on the gold and
silicon regions is presented in Fig.[7]together with the the-
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FIG. 7: Reduced Casimir force gradient G/ R versus distance
z measured at 4.2 K between a gold sphere and a gold surface
or a doped silicon surface. Data are compared with theoretical
predictions for Au-Au and Au-Si cavities. The case of perfect
mirrors is shown by a dashed line. Inset: same data G/R
plotted for distances artificially reduced by a factor 0.9 to
show that a systematic error in the calibration might be the
origin of the discrepancy between experiment and theory.

oretical predictions calculated for these specific sample-
probe configurations using the Drude model (see the
Appendix) 2031582 Tt is clearly seen that the measured
Casimir force is weaker on doped silicon than on gold,
as predicted by theory. The experimental data are, how-
ever, above the theoretical curves by 50%, i.e., much more
than the error in the force calibration factor 8, which is
better than 1%. Recently, computations of the Casimir
force®®0U have emphasized the sensitivity of the results
to the choice of the materials optical data®2 used in
the calculations: for gold mirrors, the uncertainty is,
however, only of about 5%. The validity of the PFA is
another important assumption in the theory-experiment
comparison934 the error should be smaller than 1% here
since z/R < 1%/!22 The large discrepancy between theory
and experiment regarding the absolute value of the force
gradient requires, therefore, another explanation.

A possible source of error being the calibration of the
scanner extension, we found that multiplying the dis-
tance z of each data point by a factor 0.9 translates the
data points onto the theoretical curves as shown in the
inset of Fig. Since the force calibration is dependent
on the scanner calibration, it is in fact a factor 0.85 that
should be applied on the relative distance (before the
determination of ) in order to shift the data onto the
theoretical curves. The piezoelectric z-scanner was cal-
ibrated by interferometry nine months before the force
measurements reported here and it could be that the
scanner extension has been progressively reduced after
successive thermal cycles between 300 and 4.2 K. Since

1.0
S ~+ Data
< —— Theory
5 084
< \t‘ﬁj\
& 0.64 T
5 ++++
< +++ 4+
.. 04_ 10 +
2 S
© 5 o—*x
g 021 d e
~ 10 X
O 100 150 200

0.0 T T T

100 150 200 250 300
z (nm)

FIG. 8: Ratio between the force gradients measured for Au-Si
and Au-Au cavities, compared with the theoretical prediction.
Inset: relative error between experiment and theory.

this hypothesis could not be checked at the time of the
experiment, we stop here the discussion on the absolute
comparison between experiment and theory, and now dis-
cuss the relative value obtained between gold and silicon
surfaces.

The ratio of the Au-Si over the Au-Au force gradient is
plotted in Fig. 8] for a series of distances where the exper-
imental force gradients have been determined by interpo-
lation. The ratio is lower than unity as expected for a
cavity with a semiconductor plate, which is optically less
reflecting than gold. The ratio decreases progressively
with distance as also expected from theory,*? with a cor-
rection factor np, which saturates at large distance to a
lower value for Au-Si than for Au-Au. Quantitatively, the
experimental ratio is of the same order as the theoretical
value at short distance, with an error less than 10% in
the 100-200 nm distance range, but the ratio decreases
faster with distance than predicted by theory. These re-
sults show that, although the absolute comparison with
theory is not possible here, the material dependence of
the Casimir force is clearly evidenced when the surface is
changed from gold to silicon.

To improve this experiment in the future, the scan-
ner extension should be measured by interferometry in
situ during the measurement to avoid the effect of ther-
mal cycles on the scanner piezoelectric coefficient. The
detection sensitivity could be also improved by stabiliza-
tion of the laser intensity down to the shot noise level,
in order to minimize the detection and backaction noises,
and take advantage of the strongly suppressed thermo-
mechanical noise at 4.2 K.



VI. CONCLUSION

From an instrumental point of view, we have shown
that the presence of a long-range parasitic force at the
minimizing potential can be related to the electrostatic
environment of the force probe. Precise measurements
of the Casimir force therefore require an accurate con-
trol of the environment, like screening of every insulat-
ing part close to the probe: chip holder, optical fiber,
and piezoelectric actuators. Regarding the minimizing
potential, the variations with distance observed for the
Au-Au cavity could be explained by a model taking into
account the electrostatic potential of the environment,
and the absence of variation for the Au-Si cavity indi-
cates that there is no patch potential effect on the gold-
coated sphere. Finally, we have shown that our in situ
measurement of the Casimir force using a single spherical
probe (gold) and two different surfaces (gold or doped sil-
icon) gives qualitatively the correct value for the relative
force gradient, although the absolute values are not cor-
rect due to a systematic error that might be attributed
to the scanner calibration.

The sensitivity of the Casimir force to material prop-
erties, as demonstrated here, could be used for surface
characterization in a new type of non-contact scanning
force microscopy. Such a technique would be the exten-
sion of the near-field van der Waals force microscopy to
the retarded Casimir regime at large separation. For a
given force sensitivity, measuring at large distances im-
plies the use of micron-size spherical probes with a lower
spatial resolution than the sharp tips used in atomic
force microscopy, but provides information on the op-
tical properties of the materials. With the Casimir force
being obtained at the minimizing electrostatic potential,
this technique would be complementary to the measure-
ment of the contact potential by Kelvin-probe force mi-
Croscopy.
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Appendix

The Casimir force is computed for parallel plates of
infinite thicknesses by taking into account the real mate-
rial properties as explained in Refs. 3132l The dielectric
constant €, is modeled by a plasma frequency w, and
a Drude relaxation parameter 7,, plus a Lorentz func-
tion with resonance frequency wy, relaxation parameter
o0, and susceptibility o, describing interband transitions
for gold and intrinsic response for silicon:

2 2
e (iw) =1+ “p X0 %o 6)
ww+p) W +wi+wyo

The parameters used in the computation are listed in Ta-
ble [l We checked that our computation algorithm gives
the correct results for the well-known Au-Au cavity, be-
fore computing the force for our specific Au-Si cavity.

TABLE I: Parameters of the dielectric function for gold (Au)
and silicon (Si).

Wp o wo Yo X0
(10* rad/s) | (10*° rad/s) | (10*° rad /s) | (10*° rad/s)
Au 13.7 0.05 20 25 5
Si 0.37 0.052 6.6 0 10.87
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