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Casimir and van der Waals dispersive forces between real material surfaces can be
strongly influenced by surface roughness and the frequency dependent dielectric func-
tions of the interacting materials. The Lifshitz theory allows calculations of these forces
between two flat plates if the frequency dependent dielectric function is known. Even in
this case in order to compare different measurements of the Casimir force the accuracy
must be higher than the force uncertainty arising as a result of the variation in the
measured dielectric functions for a given material. Therefore, when we are dealing with
dispersive forces between real materials, precise characterization of the particular inter-
acting samples is critical. For this reason the effects of optical properties and surface
roughness on dispersive forces will be first discussed in this review paper. Finally, we will
compare research results among various research groups, at relatively large surface sep-
arations where roughness plays insignificant role, in order to show the level of consensus
that has developed in this field in the recent years.
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1. Introduction

In the 1940s, Overbeek and Verwey at Philips Research Laboratories in Eindhoven,
The Netherlands, accurately measured the attractive van der Waals (vdW) force
which acts between all atoms, molecules and small particles due to fluctuations
in their electron clouds. Although this force was thought to be explained by the
quantum-mechanical theory of Fritz London, Overbeek and Verwey found that at
separations beyond a few nanometers the attractive force decreases faster than the
theory of London predicted. Overbeek suspected that the difference was caused by
the finite speed of light; a fluctuation in the electromagnetic (EM) field from one
of the bodies cannot be felt by the other before the time it takes an EM wave to
propagate between them. This phenomenon is called retardation. In 1948, Casimir
and Polder calculated how retardation alters the force.! Later that year, Casimir
also derived an equivalent expression for the attractive force between two perfect
mirrors due to perturbation of the vacuum fluctuations of the EM field (Fig. 1).2
Later on, in the 1950s, Lifshitz and his co-workers, Dzyaloshinskii and
Pitaevskii,? generalized the work of Casimir, accounting for absorption of the EM
radiation by real materials, and extending the new theory to materials with arbi-
trary dielectric functions at arbitrary separations and temperature. Since this con-
tribution, known as the Lifshitz theory, it has been established that the frequency
dependent dielectric functions of the materials can significantly affect the Casimir
force. The theory correctly describes the attractive interaction due to quantum
fluctuations, covering both the Casimir (long-range; separations larger than 20 nm)
and van der Waals (short-range; separations shorter than 10 nm) regimes.
Interest in the Casimir force was intensified shortly after Lamoreaux’s landmark
experiment in 1997, where a torsional pendulum was used for high accuracy force

Casimi ~Z~— vaEHNM

plates fluctuations

Fig. 1. Casimir force seen as a result of quantum vacuum fluctuations. The narrow space d
between plates excludes fluctuations of wavelength > 2d, thereby inducing a pressure difference
between the internal and external space resulting in an attractive force pushing the plates together.
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measurements.? Later on atomic force microscopy (AFM) was also used in experi-
ments.® Independent of the measuring technique, two obstacles hinder comparison
between the measured and calculated Casimir force at short separations (< 200 nm)
where the force is relatively strong:

(1) Surface roughness:> The Casimir force can strongly depend on surface rough-
ness depending on the separation distance over which the force is calculated or
measured. In reality nanoscale surface roughness can have a significant effect
at separations below the plasma wavelength (e.g., for Au this is ~ 137 nm). An
important parameter influencing the Casimir force is the surface roughness am-
plitude, which for deposited thin film surfaces, used in both force measurements
and applications, can vary typically from 0.5-10 nm (or even more). Figure 2
shows AFM topography scans of deposited metal films used for optical charac-
terization, roughness studies and force measurements.

(2) Optical properties: Real materials are imperfect conductors (dielectrics).” The
dielectric properties strongly influence the Casimir force especially at sep-
arations below the plasma wavelength. For an accurate calculation of the
Casimir/vdW force between real materials, the frequency dependent dielectric

Fig. 2. AFM topography scans (with up to 4000 x 4000 pixels for the largest scan size) of gold
surfaces where the highlighted areas are magnified. The color scale bars apply only to the large
images. (a) 100 nm Au on Si, (b) Au coated polysterene sphere (first plasma sputtered then 100 nm
Au evaporated, (c¢) 1600 nm Au on Si, (d) very high quality 120 nm Au on mica, annealed for a
few hours and slowly cooled down.
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function must be obtained experimentally and used as input, as for example
the Lifshitz theory dictates.®

In the following we will analyse in more detail the optical properties and surface
roughness in order to attain a clear understanding on the limitations and advantages
that bring into the knowledge of Casimir/vdW forces between real materials.

2. Optical Properties and Lifshitz Theory
2.1. Analysis of optical properties

Although it is preferable to use in force measurements macroscopic perfect single
crystals,? whose optical properties could be calculated using quantum physics,'? in
reality perfect single crystals do not exist on macroscopic length scales. Nonethe-
less, the semiconductor industry is capable of producing single crystal silicon or
germanium samples with very low defect and/or impurity densities.!! However,
most Casimir force measurements and of course the corresponding optical charac-
terization (measurement of the frequency dependent dielectric function) are per-
formed between metal surfaces of vacuum deposited (e.g., electron-beam evapo-
rated, plasma sputtered, etc.) films.”81271% Although the surface morphology of
the smoothest film is atomically smooth over various length scales [with atomic
steps and terraces visible, Fig. 2(d)], local trenches of 5 nm deep are still present.
These films are granular, where the grains are rather small of the order of tens of
nanometers, and the amount of defects (voids, grain boundaries, impurities) can be
very large.®

The presence of defects in deposited thin films has influence on the Casimir/vdW
force. A detailed study” revealed that scatter in the dielectric data can lead up
to 8% uncertainty in theory calculations using the Lifshitz theory.® Most of the
optical data available for metals do not extend beyond the wavelength of 14 pym in
the infrared (IR) range.'®'* It was only recently® where ellipsometry from the far
infrared (IR) to near ultra violet (UV) was used over the frequency range 140 nm-—
33 pm to obtain the frequency dependent dielectric function for gold films. The
dielectric response of a material for the UV (> 5 V), IR (0.01-1 ¢V) and microwave
(MW) (0.0001-0.01 eV) is related to electronic (band) resonance, atomic resonance
(for metals this is the electron cloud) and dipole relaxation respectively.

The optical properties of materials'® are described by two measurable quantities:
the index of refraction n(A) and the extinction coefficient k(X), which both depend
on the wavelength A\ of the electromagnetic radiation. They define the complex
index of refraction n = n+ik. The real part defines the phase velocity in a medium
v = c¢/n where ¢ is the velocity of light, while the imaginary part is related to
light that is adsorbed when it travels through the medium. The real and imaginary
parts of the frequency dependent dielectric functions are determined from n and
k via the relations ¢’ = n? — k? and ¢’ = 2nk (see Fig. 3). Both pairs (n, k) and
(¢,") must obey causality and as a result must satisfy the Kramers—Kronigs (KK)
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Fig. 3. Ellipsometry data of the dielectric function as a function of frequency of three gold films
on Si and mica. The annealed film on mica has the highest reflection (in the infrared), and the
400 nm thick film on Si (not annealed) the lowest. The differences are not that visible here, but
the deviations from sample to sample can be as large as 40%.

relations.”®1!3 In many cases, only the absorption €” is measured. This appears to
be sufficient because in the Lifshitz theory one has to know the dielectric function
at imaginary frequencies £(i¢) which is defined as

2 +o00 ws”(w)
(i) =14+ — —=dw. 2.1
( <) 7.(./0 w2 + CQ ( )
It is also possible to obtain the dielectric function at imaginary frequencies directly
from the frequency dependent extinction coefficient k since £(i¢) = n(i¢)? with

2 [T wh(w
n(i¢) =1+ ;A e -i(-C)Q dw . (2.2)

Although the latter is very useful in dealing with experimental dielectric data,
one should be careful when using the KK relations since in most cases dielectric
data is available over a limited frequency interval and not in the full range [0, +00]
as required by Eqgs. (2.1) and (2.2). As a result specific assumptions must be made
about the form of the dielectric data outside of measurement intervals, or the data
should be combined with other (tabulated) experimental data. For example, in the
case of gold films one needs to fit a Drude model in the far IR regime. For gold
the IR absorption €” is strong and dominates the dielectric function at imaginary
frequencies £(i¢) even in the UV regime (Figs. 3 and 4). On the other hand, for
silica and liquids the dielectric function in the far IR and MW regimes is up to
108 times smaller than that of Au (Fig. 4).'¢ In this case, the IR and MW parts
of the dielectric data give an almost negligible contribution to the integrals in the
KK relation for £(i¢) in the UV regime. Instead, the UV dielectric data for " is
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Fig. 4. (a) Dielectric data of the materials obtained from references in text. (b) Dielectric func-
tions at imaginary frequencies. The solid and dashed lines for silica and gold are two different
sets of optical data. For water the solid line is from the data in Ref. 22, and the dashed line is an
11-order oscillator model which has been fitted to a different set of optical data.

very important as illustrated in Fig. 4, the absorptive part of ¢’ in the UV regime
is not very different for gold and silica, while £(i¢) shows significant difference.

Ellipsometry is a non-destructive technique to measure the dielectric function.
In this case one measures an intensity ratio between incoming and reflected light.
Therefore, it is less affected by intensity instabilities of the light source or atmo-
spheric absorption, and no reference measurement is necessary. Moreover, both the
real and imaginary parts of the complex refractive index can be extracted. Indeed,
from ellipsometry we obtain the ratio of the p-polarized and s-polarized complex
Fresnel reflection coefficients 7, s.171® This is given by p = r,/rs = tan e with
the angles ¥ and A being the raw data as a function of the wavelength \. When
the films are completely opaque, 7, s are given by

ccosp — /e —sin? ¢ cosp — /e —sin ¢
rp = ——, Ts= — (2.3)
gcosv — Ve —sin” ¢ cosp — /e —sin” ¢

where ¢ is the angle of incidence, and € = (¢(A)) is the film “pseudodielectric” func-
tion. The term “pseudo” indicates that the films can be anisotropic and nonuniform,
have surface roughness (Fig. 2), and also contain absorbed layers (water, hydro-
carbons, etc.) if they are exposed to ambient conditions. The dielectric function
extracted from the raw data can be influenced by these factors.

For gold films typically used in force measurements, we do not expect that these
factors will have large effect because gold absorbs strongly in the IR, and surface
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roughness (< 10 nm rms) is significantly smaller than the smallest wavelength of
137 nm of the ellipsometry measurements.® For an isotropic and uniform solid, the
dielectric function is connected with the parameter p via the relation

1 +tan® (1_/7) i
1+p

As it was stated before, the largest spectral range of measured data is 137 nm
to 33 pm.® In order to obtain £(w) for wavelengths A > 33 pum where data is
not available, we fit a model to the IR part® and extrapolate (for the far UV
regime A\ < 137 nm we use handbook data’ though the latter gives only a minor
contribution to the Casimir force in case for example of gold).®

Ellipsometry in the range of wavelengths A > 33 um is difficult due to lack
of intense sources, but these systems are still in development.'® For gold films

e=¢c 4ie" = (n+ik)? =sin ¢ . (2.4)

it would be extremely interesting to have dielectric data in this regime because
fitting and extrapolating will then be almost unnecessary.® On the other hand,
dielectric data obtained by ellipsometry or absorption measurements?’ in the far
UV regime is also rare. These measurements are expensive because high energy
photons must be produced at synchrotrons,?’ and ellipsometry in this range is
complicated as polarizing materials become non-transparent. For this range, a few
ellipsometry setups exist around the world covering the range 5-90 eV (wavelength
~200-12 nm).2! For low dielectrics such as all liquids, and for example silica or
teflon, there is a major absorption band in the range 5-100 eV (Fig. 4), which
dominates the calculations of the Casimir force for these materials.

2.2. Analysis of optical properties for gold

At this point, we will take a closer look at the dielectric functions of gold films
which are the most commonly used for Casimir force measurements (Fig. 3). In
this case, we fitted a Drude model to this data to obtain data for the wavelength
range A > 33 pm where measured dielectric data is not available. The Drude model
for metals is described by two parameters: the plasma frequency w, of the free
electron cloud, and the electron-lattice scattering via a relaxation parameter v. In
general, the model fitted to the data reads of the form

w2

ew)=E - —2——. 2.5
@) =B~ ot (25)
For metals, e.g., Au, we have F = 1 but for systems in between metal-

semiconductors, E can be treated as a fitting parameter representing contributions
other than free electrons. In any case, it is obvious that there is a large variation
in dielectric data for all gold films studied up to 40%.® Furthermore, we find the
highest optical response for the annealed films on mica for which we have found the
highest plasma frequency of 8.4 eV. This is close to but smaller than the theoretical
limit w, = 9 eV for a perfect single crystal gold sample.??
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Note that all metals have finite conductivity. It means that at low frequencies
w — 0 the dielectric function behaves as e(w) — 47wo/w, where o is the material
conductivity. This behaviour is a direct consequence of Ohm’s law and therefore has
fundamental character. Indeed, because the dielectric function has a pole at w — 0,
the low frequencies will give a considerable contribution to e(i¢) even if ¢ is high
(for example, in the visible part of the spectrum) as one can see from Eq. (2.1).

2.3. Lifshitz theory for flat surfaces: Influence of optical
properties

The Casimir force is calculated using the dielectric function at imaginary frequencies
(Fig. 5). For the sphere-plate geometry, which is typically used for force measure-
ments, the Casimir force is given by F = 2rRE,_, ¢ assuming that the sphere
radius R is much larger than the sphere-plate separation d (R > d), with E,_, ¢
the Casimir energy for the plate-plate geometry. The Lifshitz theory yields for the
Casimir energy E,_, s between flat surfaces of area A (in the limit of T' = 0 K;
which is a good approximation for d < 200 nm)

h d?q [ o
Ey pf= W‘;/WA In[1 — 8 18, e =2 2L]4c . (2.6)

q is the transverse wave vector (¢ = |q|). The summation p here is defined for the
polarization of the field, i.e., transverse magnetic and electric field modes (p = T'M
and p = TFE). The reflection amplitudes %, are given by the Fresnel reflection
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Fig. 5. The dielectric function for various films at imaginary frequency which can be substituted
into the Lifshitz theory. This non-observable function can be obtained by Kramers—Kronig analysis
of &’ of which the infrared part has the most influence on £(i¢). The films are the same as in Fig. 3.
The function marked as Palik 9 eV correspond to an imaginary film with Palik optical data and
the maximal plasma frequency 9 eV.
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Fig. 6. The Casimir force differences between our films and an imaginary film with Palik hand-
book data fitted with a plasma frequency of 9 eV. Sample dependence of the force is visible, with
the highest force for the Au on annealed mica sample. At a separation of a micron the difference
is still a few percent.
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where €15 are the dielectric functions for the interacting solid surfaces, and e3 is
the dielectric function for the intervening medium between the sphere and plate.

The Casimir force for the Au films interacting in air, and normalized with respect
to that calculated from the handbook data fitted with a Drude function for perfect
gold (wp, =9 eV, v = 0.034 eV),%!? is shown in Fig. 6 for all films with measured
optical properties.® The difference in force is obvious. The annealed gold film on
mica shows the largest Casimir force, and approaches that of perfect gold films with
only 5% difference. The 400 nm thick film on Si has the lowest Casimir force with
up to 14% difference from the perfect gold film. At last we note that due to the
error indefiniteness in the Drude parameters, we obtain an error of ~1% in the
calculated Casimir force.

Furthermore, an important question is whether the investigated films follow the
Drude behavior in the IR regime as can be seen from Fig. 7. Indeed, the Drude
model must obeys a linear behavior in 1 /¢’ versus w?++2 plot. This becomes evident
if one considers the real and imaginary parts of Eq. (2.5). The Drude model fits
almost perfectly the gold film/mica data, but for the 200 nm unannealed Au film
there is a significant deviation for the wavelength range above 15 pm. This deviation
was visible for all the non-annealed films, and it was smaller for the film with higher
optical quality (plasma frequency). From this it is concluded that there is additional
absorption due to defects (grain boundaries, voids, dislocations, etc) as discussed in
Ref. 8. Moreover, at large wavelengths the experimental data also becomes noisier
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Fig. 7. The Drude model must show a linear behavior in a 1/¢’ versus w? + ~2 plot. In the low
frequency range (A > 15 um), a clear deviation is visible for the non-annealed film. This effect
was not taken into account in the Casimir force calculations. The non-Drude behavior becomes
weaker for the films with better quality, and is the smallest for the gold film on mica. This leads
to the conclusion that the non-Drude behavior can be attributed to the number of defects in the
films (grain boundaries, dislocations, etc).

leading to an error of 1% in the calculated forces.® The non-Drude behavior for the
force calculations could be fitted with an additional oscillator model, but it gives
a contribution in the order of 1% in the calculated forces, which is similar to the
noise level.®

3. Roughness of Real Materials and the Casimir/vdW Force

In order to account for roughness corrections on the Casimir force, a scattering for-
malism was presented?? in the limit of weak roughness (local surface slope |Vh| < 1
and surface separations d > w). Here we will discuss this theory using measured
Casimir forces and topography roughness scans.?* Note that the Proximity Force
Approximation (PFA) method uses only the rms roughness “w” (out-off plane
roughness) to predict the roughness effect.?? While this is the most important

factor, any lateral information of the rough films is ignored.?3

3.1. Roughness influence on the Casimir/vdW force

The force between rough surfaces in the sphere-plate geometry is given again by
the PFA expression F' = 2nRE,_,, with E,_, ; + 0E the Casimir energy for
parallel plates. The Lifshitz theory, Eq. (2.6), yields the energy E,_, ; between flat
surfaces, while the roughness contribution up to the second order in perturbation
theory reads of the form?3

d’k

g (3.1)

6E:/Gmdm
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G(k) is a roughness response function derived in Ref. 23. The roughness power
spectrum o(k) can be obtained from AFM topography scans. We should also re-
call that for these calculations to be valid a few assumptions were made: (i) The
lateral dimensions of the roughness must be much smaller than the system size
(i.e., plate or sphere). This is usually the case in the experiment. (ii) Second, the
RMS roughness must be small compared to the separation distance (w < d).
(iii) Third, lateral roughness dimensions must be much larger than the verti-
cal dimensions, or conversely the local surface slope of a film must be small
(prvs = (([VA[2))Y/? <« 1).2627 The last two assumptions are not always satis-
fied in the experiment.?*

Evaporated thin films can be described in many cases by the self affine or power
law roughness.?® The importance of self affine scaling and the relation to the Casimir
force was first stressed in Ref. 26, but finite conductivity corrections were ignored.
Here finite conductivity corrections are taken into account since we used measured
optical data for the gold films. Roughness data is taken from gold films evaporated
on Si and the spheres. A self affine rough surface is fully characterized by three
parameters, the rms roughness w, the correlation length £, which is a factor in-
dicating the lateral feature size, and the roughness exponent H which is a factor
describing the irregularity of short roughness wavelengths with values between 0
and 1 (Fig. 8).28730

The power spectrum function o(k) can be obtained directly by Fourier trans-
forming the auto covariance function as obtained from AFM topography scans. On
the other hand the parameters w, £ and H are determined by direct measurement
of the height-difference correlation function H(r) = ([h(r) — h(0)]?) with (---) indi-
cating ensemble average over multiple surface scans. An analytic form of the power
spectrum for a self affine surface (suitable for theory calculations) was given in
Ref. 29.
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Fig. 8. Roughness profiles with different roughness exponents H but the same w and §.
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Fig. 9. Casimir force measurements (any curve is an average of 30 curves, immediately taken
after calibration) for smoother and rougher films. The jump to contact part of the curves is not
shown. The roughness effect manifests itself as a strong change in scaling at smaller separations,
where the forces become much stronger. The separation upon contact dp in this case was taken
from the electrostatic calibration of dg.24

Here we will show force measurements for gold films of different roughness
(Fig. 9). These were compared in Ref. 24 to predictions from the perturbative scat-
tering theory, which incorporated measured optical data and roughness corrections
in terms of the complete surface roughness spectrum.??

For the force measurement the calibration procedure was given in detail else-
where.?4:32 Table 1 shows some of the roughness data (obtained and averaged from
AFM scans on multiple locations) of our films combined with that of the sphere.
These data can be used in the scattering theory calculations.?>2* The roughness
exponent was constant H = 0.9 + 0.05 in agreement with previous growth studies
of thin films.28 30

The force measurements in Fig. 9 were restricted to separations below 200 nm
where the Casimir force is strong enough (as compared to almost linear signal
due to laser light backscattered into the AFM photodiode).5-2436 The small sep-
aration limit is restricted by the distance upon contact dy due to surface rough-
ness (substrate and/or sphere roughness),?* and it is also restricted by the jump
to contact instability (which takes place over a separation of ~ 5 nm).32 344748

Table 1. The roughness parameters characterizing the sphere-plate film systems (all
in nm). The first four rows were determined from combined AFM megascans.3! dgl is
the value of the distance upon contact due to roughness determined electrostatically,
and d{)m is the value determined from AFM topography.3!

Thickness (nm) 100 200 400 800 1600
w (nm) 3.8 4.2 6.0 7.5 10.1
& (nm) 26.1 +3.8 28.8 £ 3.7 34.4+4.7 30.6 2.4 42.0+5.5
dim (nm) 128422 159427 245448 313454 557493
d‘al (nm) 17.7+£1.1 20.2+1.2 23.0£0.9 345+ 1.7 50.8 £ 1.3
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The plane-sphere separation for our contact mode measurement setup is given by
d = dpieso + do — daen (measured with respect to the point of contact with the
surface), with dpieso the piezo movement, and daen the cantilever deflection cor-
rection.?* The latter is given by dgen = mFyq with Fjq the photodiode difference
signal and m the deflection coefficient (rate of change of the separation per unit
photodiode difference signal).?*

In Fig. 9 we can observe the strong dependence of the Casimir force on surface
roughness at separations d < 70 nm. For the roughest films, the roughness strongly
increases the force. This effect is large, resulting in much stronger forces at the
smallest ranges (< 70 nm) while at larger separations the usual ~ 1/d*?® force scal-
ing is recovered (observed for separations above 25 nm for smoother films),3°
agreement with theory is restored.2* Deviations from theory at short separations
can occur and they can be explained with the error in the separation distance d.
Note that an error of 1.0 nm in d leads to significant errors in the forces. This can
be seen by the simple formula AF/F ~ 2.5(Ad/d) where at the shortest separa-
tion distance d &~ 20 nm an error of Ad ~ 1 — 1.5 nm (Table 1) yields a relative

and

error for the force AF/F ~ 13 — 18%,2* which, however, diminishes with increasing
separation.

Qualitatively the roughness effect could be reproduced by performing a direct
integration using the Lifshitz formula to compute the force between rough surfaces
by point to point (using the AFM topography scans) summation and average over
multiple measured roughness scans.?4 Although the non perturbative PFA approach
is qualitative, it can be used to obtain an estimate of the force at close proximity
(~2 nm above the point upon contact dy), where the roughness has an enormous
influence on the Casimir force. This explains the jump to contact only partially,
since approximately ~ 5 nm above the point of contact, the capillary force arising
from both absorbed water and capillary condensation can play some role.

Here, we can compare the Casimir adhesion between rough films with the capil-
lary adhesion®? 3* (Fig. 10). In the limit of a fully wetted surface the capillary force
is given by Fiap ~ 4myR cosf (upper dashed line, Fig. 10), while for single asperity
(say of size {) wetting, the capillary force is Fiap ~ 4my€ cosf (lower dashed line,
Fig. 10). v is the liquid surface tension, and @ the contact angle.?33* While Casimir
forces may lead to stiction between movable parts, once hydrophilic surfaces are in
contact in air then capillary forces are much stronger. The roughness effect on the
capillary adhesion force (Fig. 10) is also much stronger than that of the Casimir
force in Fig. 9. Note that the Casimir force for a R = 50 um sphere is in the order
of 10 nN at ~ 10 nm separations, while the capillary forces between a mica sub-
strate (0.5 nm rms roughness) and the same sized sphere (~1 nm rms roughness)
are as large as 10 uN. The latter makes force measurements (using contact mode)
with soft cantilevers (spring constant < 1 N/m) even impossible since the retraction
range can be even more than the piezo z-range. Moreover, one can notice in Fig. 10
when increasing the roughness from 2 to 8 nm the force decreases by more than
two orders of magnitude. This is due to transition from full sphere wetting to a few
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Fig. 10. Capillary, or pull off forces, in air (relative humidity 2-60%, no significant variation
beyond the standard deviations was found in this range) for a smooth gold coated 100 pum sphere
(~1 nm rms roughness) measured with a stiff cantilever (k = 8 N/m) and different rough films.
The inset shows a fully wetted sphere, and a roughness asperity wetted sphere. The fully wetted
corresponds to the theoretical strong pull off force (upper dashed line), and the single asperity
wetted to the weak pull off forces (lower dashed line).

asperity wetting. The size of the sphere R = 50 pum is 103 times larger than that of
an asperity (~ 50 nm in size and comparable to the lateral correlation length &, see
Table 1). Multiple asperity capillary bridge forming is likely to take place in the
rough regime giving rise to forces larger than that of a single asperity.
Furthermore, formation of capillary bridges means that under ambient condi-
tions, a metal surface such as gold absorbs water, and as a result is covered with
an ultra thin water layer (which is present on almost all surfaces exposed to air).
The experiment333* suggests that the thickness of this layer is in the nanometer
range ~ 1 — 2 nm. At short separations, d < 20 nm, this layer becomes of crucial
importance because it place doubts in our understanding of Casimir/vdW forces
when experiments under ambient conditions are compared with predictions of the
Lifshitz theory. Figure 11 shows the Casimir force measurements together with the-
ory calculations for various water layers of thickness A = 0; and 1.5 nm.? The effect
of water becomes very significant at separations below 10 nm, which unfortunately
were not accessible due to jump-to-contact at approximately 12 nm separations.
We presented in Fig. 11 only the forces between flat surfaces because at these small
separations, there is not yet a reliable way to estimate the roughness correction.
Furthermore, the theoretical predictions are comparable to the experimental mea-
surements for distances d > 13 nm (limited only due to strong jump-to contact by
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Fig. 11. Experimental data for the force versus distance (circles) down to 13 nm separations, and
the theoretical prediction without water layer (lower solid curve). Errors in the absolute separation
(due to errors in dg) are shown for some points by the bars. The upper solid curve is the prediction
for continuous water layer of thickness h = 1.5 nm. The dashed black curve corresponds to the
same water layer with (f =) 50% of voids.

formation of capillary bridges). It is shown that although the water layer increases
the force, it falls still within the error margins of the measured force. The errors
are shown to arise mainly from the experimental uncertainty in determining the
separation upon contact dg due to nanoscale surface roughness,® which we will
analyze in the following paragraph.

3.2. Roughness influence on surface separation between
interacting bodies

The distance between two rough surfaces is defined as the distance between their
mean heights. One would expect that the mean height is a constant when the size
L of the sample area of a rough surface is L > £. In the case of a sphere above a
plate there is the scale L that is defined by the effective interaction area L? = arRd
(ov = 2 for the electrostatic force and o = 2/3 for the ideal Casimir force) where R
is the sphere radius, and d = dy the closest separation distance between sphere and
plate. For a sphere of R = 50 pum located above a plate this effective interaction
area is > 1 um for d > 10 nm. Notably, the effective interaction area, and thus
the involved mean height on the surface for the electrostatic force, which is used
for electrostatic calibration in Casimir force measurement setups, is different from
that of the Casimir force.3! Moreover, it is important to realize that the effective
interaction area changes with distance thus introducing an error. This effective error
in separation d can be ~ 1 nm as can be seen from Fig. 12.
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Fig. 12. For the electrostatic force and Casimir force there is an additional error in the distance
due to change of the effective interaction area with distance. Since both forces scale differently
(electrostatic ~1/d and ideal Casimir ~1/d?) the effective interaction area, and therefore the
involved mean height can be different for these two forces.
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Fig. 13. Contact of two rough surfaces. (a) Two rough plates in contact. (b) The interaction
between two rough plates is equivalent to the interaction between a smooth plate and a rough
plate with the roughness given by the combined profile h(z;y).36

A variation in the mean height of a surface influences both non-contact3” and
contact?? type Casimir force measurement setups. As stated earlier, the surface
roughness leads to a minimum distance upon contact between the mean heights of
two rough profiles termed as dy (Fig. 13).24:36
The contact distance dy is not directly measured in non-contact force measure-

ments (the distance between two mean heights is calibrated), while for contact force
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measurements, it can also be obtained from electrostatic force measurements.?* We
can compare these values (Table 1)3¢ obtained from electrostatic with the values
obtained from the measured roughness scans shown in Fig. 2 by performing simu-
lations.36

Indeed, the local distance d(x,y) between two rough bodies with height profiles
hi2(z,y) is given by d(x, y) = d—h(y, y) (Fig. 13) where h(y,y) = hi(y.y) +ha(y, y)
is the combined height profile, and d is the average distance between the mean
planes. For a sphere and a plate we have, assuming R > d, the local distance in
the limit of zero load is given by d(x,y) = d + (22 + y?)/2R — h(y,y).3® The sepa-
ration upon contact dy is the maximum separation d, for which the local distance
is d(x,y) = 0. This definition gives

do = max[h(y,y) — (@* +y*)/2R]. (3.2)

As input data we used the combined AFM images, of which a few are shown in
Fig. 2, and then dy was calculated (Fig. 14). We averaged dy over different locations
to obtain the values of di™ (Table 1).3¢

Figure 14 depicts simulation (di™) and theory for the sphere-plate system with
R =50 pum. dy depends on the scan size and increases with that. This is shown for
the 100 nm Au film. From this graph one can see that the interaction area upon
contact must be approximately 1 um?. For the latter we have found dj to be about
13 nm from the simulations. For bigger spheres with the same roughness (Fig. 15),
dy will further increase. The reason for this is that for a rough film, the larger

interaction area means an increased possibility to find a higher surface feature.3¢
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Fig. 14. The contact point as a function of the scan size, for the 100 nm film and the flattened scan
of the sphere (see Fig. 2). The separation upon contact increases with scan size. The continuous
red line depicts the theory as described in detail in Ref. 36.
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Fig. 15. (a) Inverse imaging of the sphere area (after Au deposition) around which contact with
the surface occurs during force measurement. (b) AFM topography with a scan size of 1 pm, and
an associated height profile indicative of the roughness variations for the smoothest deposited Au
films for short range force measurements.3%

As can be seen from Table 1, the values of di™ from the simulations agree well
with those from the electrostatic calibration (d§') except for the smoothest surfaces.
This is most likely to be attributed to the roughness on the sphere (Fig. 15) which
varies locally significantly. This is illustrated by the fact that when the roughness of
the plate dominates, the discrepancy between the simulation (di™) and electrostatic
determination (dg') disappears. Note that the standard deviations from the simu-
lations using AFM scans are larger than that of the electrostatic determination.
This is because for the simulation there is a variation from place to place. For the
electrostatic determination this was not performed (since also the rough area for
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sphere always remains the same). The error shown for d§' originates only from a

variation obtained from 60 electrostatic curves.36:37

4. Beyond the Roughness Influence: Qualitative Comparison of
Force Measurements

Beyond the regime of short separations where roughness no longer has influence on
the Casimir force, but only on optical properties, we can gain a clear understanding
of the extent where Casimir force measurements from various groups agree. For
this purpose, we will present force data versus separation where the corresponding
average power law exponent of the Casimir force will be stated. Indeed, in this case
the Casimir force appears to behave as an apparent power law of the form

Focd™ (4.1)

with m < 3 for the sphere-plate geometry due to the influence of the optical prop-
erties of the interacting real materials, and the finite system temperature. In the
ideal case (T'= 0 K and perfectly reflecting surfaces) the exponent m has the lim-
iting value m = 3.1°6 If the derivative of the force is measured (e.g., in dynamic
mode force measurements), then we obtain the power law form F/9d oc d=(1+™),
It should be pointed out that, in a strict sense, the Casimir force shows a more
complex behavior than that described by Eq. (4.1), where the local value of the
exponent m varies with separation distance from m = 2 for very small distance
d ~ 1 nm to the asymptotic values m = 3' 6 for separations d > 1 pum. For this
reason we can compare the slopes in the experiments performed for similar range
of separations.

4.1. Groningen—Twente group (Au—Au surfaces)

In these experiments the Casimir/vdW force was measured using the PicoForce
AFM?® in static mode, between an Au coated sphere of diameter 100 um, and an
Au coated silicon plate [Fig. 15(b)]. Both the sphere and plate were coated with
100 nm Au within the same vacuum evaporator. After Au deposition, the rms
roughness of sphere and plate were measured by AFM (see Fig. 15) to be ~ 1.8 nm
and ~ 1.3 nm respectively. Analysis of the sphere where contact takes place was
investigated by inverse AFM imaging [Fig. 15(a)].3> The contact separation due to
roughness dy was derived from the top-to-bottom roughness of sphere and plate
(from multiple scans at different places of both surfaces) added and divided by two
yielding dg = 7.5 £ 1 nm.?®

After calibration, the Casimir force is measured and averaged using 40 force
curves. Calibration and measurements were repeated at 20 different locations on
the plane having in total an average of 800 curves per sample (averaged for two
spheres) to obtain the force in Fig. 16. At separations in the range > 20 nm—100 nm,
the force follows the power law with exponent m = 2.5. At separations below 20
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Fig. 16. Force versus separation d from average of 800 independent measurements per sample
(also averaged for two different spheres) with the power laws indicated for vdW and Casimir
regimes.3%

nm, retardation effects begin to diminish entering the force regime known as the
vdW force regime.

4.2. Purdue group (Au—Au surfaces)

In this experiment®® the Casimir pressure between two Au-coated parallel plate
surfaces was determined dynamically by means of a micromechanical torsional os-
cillator consisting of a plate suspended at two opposite points by serpentine springs,
and a sphere above it attached to an optical fiber (all details of the experimental
setup are presented in Ref. 39). The thickness of the Au coating was 210 nm. The
micromachined oscillator and the sphere with a fiber were mounted inside a can
with magnetic damping vibration isolation, where a pressure below 10~* Torr was
maintained.?®3% The sphere that was used had the size R = 151.3 pm. The rms
roughness of both Au coated sphere and plate were less than 3 nm.

What is actually measured in this experiment was the Casimir pressure which
is defined via the force derivative OF(d)/0d
1 OF
REEYE
In the separation range ~ 160-500 nm the Casimir pressure follows the power law
behaviour with the exponent 1 +m = 3.71 or m = 2.71 [Fig. 17(a)], while above
500 nm the slope was slightly increased to 14+m = 3.84 or m = 2.84 [Fig. 17(b)]. A
fit over the whole range ~ 160750 nm yielded 1+m = 3.76 or m = 2.76 [Fig. 17(c)].

P(d) (4.2)

4.3. Grenoble group (Au—Au surfaces)

In this experiment?® a 20 pm radius sphere was glued to the end of an AFM can-
tilever forming the force probe. The latter, which can be considered as a harmonic



Optical Properties and Kinetic Roughening 6033

Au - Au
10°F R (a)

c

P (mPa)

500 600 700

100 d (nm)

Fig. 17. Casimir pressure as a function of separation d. (a) separation range 160-500 nm,

(b) above 500 nm. Data courtesy of R. Decca. (c) The whole range of separation gives an av-

erage exponent m = 2.75.

oscillator, is mechanically excited at its free resonance frequency and the force gra-
dient (Fig. 18) is measured as in Ref. 38. The Casimir force arises between the
bottom part of the microsphere coated with 300 nm Au and a flat gold surface.
The roughness of the two interacting surfaces were respectively lower than 3 nm
rms. In the separation range ~ 98-300 nm the Casimir pressure follows the power
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Fig. 18. (a) Casimir pressure versus separation in the range 98-300 nm, (b) similar plot but
limited in the range 98-200 nm. Data courtesy of J. Chevrier, J. Laurent, and H. Sellier.

law with exponent, 1 +m = 3.79 or m = 2.79 [Fig. 18(a)], while below 200 nm the
scaling exponent appeared to be slightly decreased to the value 1 +m = 3.67 or
m = 2.67.

4.4. Yale group (Ge—Ge surfaces)

In this experiment*! using the well-known torsion balance setup, the Casimir force
was measured between crystalline Ge plates in a sphere-plane geometry. On one
side of a torsion pendulum, a flat Ge plate is mounted, and approached by a Ge
plate with a spherical surface having radius of curvature R = 15 cm. The Casimir
force after subtraction of the electrostatic force is shown in Fig. 19. The force data
shows in the range 550-1500 nm a power law behaviour with exponent m = 2.84.
The complete force measurement range was in the range 550-72900 nm (Fig. 19).
However, since electrostatics remained a significant problem at larger separations
(>2000 nm), it was decided not to further analyse this range.

4.5. Amsterdam group (Au-ITO surfaces)

In this experiment?? an ITO coating (conductive Indium-Tin-oxide) as one of the
two interacting surfaces was used.
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Fig. 19. Force measurements in the range 550—1500 nm and a power-law fit. The inset shows the
data over the whole range of separations up to 72900 nm. Data courtesy of S. Lanoreaux and D.
Dalvit.
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Fig. 20. Casimir pressure measurements for the Au-ITO systems.?? Figure courtesy of S. De-
Maan.

Since ITO was transparent over a wide range of frequencies, the Casimir at-
traction was found to be a factor of 2 smaller than that of the Au—Au interaction.
Also, here the force measurement was performed with a dynamic mode based AFM
technique using spheres with radius R = 100 pm. Measurement of the scaling ex-
ponent of the Casimir pressure at separations d > 70 nm (to avoid any roughness
influence) yielded 1 +m = 3.75 or m = 2.75 (Fig. 20).43

4.6. Leicester—Groningen—Twente groups (Au-AIST surfaces)

In this experiment®* a controllable variation in the Casimir force was demonstrated.

Changes in the force of up to 25% at separations of ~ 100 nm between Au and
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Fig. 21. Gradient force (F’) curves versus separation d for the system (top) Au-AIST, (middle)
Au-amorphous AIST (A) and (bottom) Au-crystalline AIST (C) in the separation range 55—
130 nm. We fitted the data above the separation of 50 nm to avoid any roughness influence and
below 130 nm in order to avoid any noisy data at larger separations (>150 nm).

AgInSbTe (AIST) surfaces were achieved by switching between amorphous and
crystalline phase samples of AIST. The material is well-known for its structural
transformation, which produces a significant change in the optical properties, and
is exploited in optical data storage systems. The force gradient was measured using
the dynamic mode in an ultra-high-vacuum AFM. The force results are shown in
Fig. 21.
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Fig. 22. Gradient force (F’) curves versus separation d (top) for the system Au-Au using the
same sphere for Au-AIST measurements shown in Fig. 21. The linear fit is in the range 55-130 nm
as calculated previously for the AIST films. The force gradient is expressed in Hz since it is
proportional to change in frequency in dynamic mode AFM force measurements. Data courtesy
of G. Toricelli and C. Binns.

Determination of the scaling exponent of the Casimir force gradient (F’ =
OF/0d) was performed at separations d > 50 nm to avoid any roughness influ-
ence, and up to 120 nm to avoid the influence of increased data noise at larger
separations as the top schematic in Fig. 21 shows. The fits yielded the exponents
14+ m = 3.39 or m = 2.49 for the Au-AIST (amorphous), and 1 4+ m = 3.43 or
m = 2.43 for the Au-AIST (crystalline) system.*

Finally, we show in Fig. 22 for comparison the Au—Au data obtained using the
same Au coated sphere. The corresponding linear fit yields for the Casimir force
gradient at separations 55-130 nm the exponents 1 +m = 3.55 or m = 2.55.

4.7. Leicester group (Au—Au and Au-HOPG surfaces)

In this experiment®® a significant difference between Au—Au and Au-HOPG (highly
oriented pyrolytic graphite) was demonstrated. The force gradient was measured
using dynamic mode in an ultra-high-vacuum AFM as in Sec. 4.6. The force results
are shown in Fig. 23. The force data is shown as a frequency shift Af which is
proportional to the force gradient; Af ~ OF/9d. Determination of the scaling
exponent of the Casimir force gradient (F” = F/0d) was performed at separations
d > 65 nm (to avoid any roughness influence; and up to 350 nm to keep minimum
influence of increased data noise). For the Au—Au system, the exponent 1 + m =
3.61 or m = 2.61 was obtained using one of the available set of data, while for
Au-HOPG, it was found that 14 m = 3.47 or m = 2.47.

4.8. Dartmouth-Padova group (Au—Au surfaces)

In this experiment?”4® forces are acting between two macroscopic conducting sur-
faces in a sphere-plane configuration (Fig. 24). Below a cantilever, a spherical mirror
of radius R = 3.9 mm and diameter ¢ = 8 mm was mounted on an aluminium frame
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Fig. 23. Gradient force curves versus separation d for the systems (top) Au—Au and (bottom)
Au-HOPG. The force gradient is expressed in Hz since it is proportional to change in frequency
in dynamic mode AFM force measurements. Data courtesy of G. Toricelli and C. Binns.
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Fig. 24. Squared frequency (Hz2) of the cantilever versus separation d. After subtracting the
electrostatic residuals the Casimir force was evidently corresponding to exponents less than 4.
Data courtesy of W. J. Kim and R. Onofrio.
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connected to two motorized actuators. The spherical lens was Au coated with thick-
ness of 250 nm. Finally the measurements were obtained by performing electrostatic
calibrations followed by a residuals analysis after subtracting the electrostatic-
dependent component. In spite of electrostatic anomalies, evidence was found for
short-distance attractive forces of magnitude comparable to the expected Casimir—
Lifshitz force.*™*® The relevance of these findings using a macroscopic size system
was discussed in the more general context of Casimir-Lifshitz force measurements,
with particular regard to the critical issues of the electrical and geometrical char-
acterization of the involved surfaces. Disentangling forces of different origins as it
is shown in this work became exceedingly complex with the unexpected power law
found in the electrostatic analysis for this system. Preliminary residual fitting indi-
cated exponents for the frequency shift, which is proportional to the Casimir force

gradient, 1 +m = 3.64 or equivalently m = 2.64.495°

4.9. Summary of all force results

All the results from the various groups are summarized in Table 2. From this ta-
ble, it is evident that the presented data span a rather wide range of materials
from metals to semiconductors. From direct comparison it becomes clear that the
exponent m of the Casimir force, F oc d~™, was in all cases lower than 3. The
latter represents the case of perfectly reflecting mirrors for the sphere-plate geome-
try. Over the whole separation range 20-1500 nm, for measurements performed at
room temperature (7" &~ 300 K), in air or vacuum as the intervening medium, the
exponent m appears to span the range m ~ 2.65 4= 0.2. This value deviates consid-

Table 2. The scaling exponent m of the Casimir force
versus separation distance, F' ~ d~" for the sphere-plate
geometry showing also the corresponding separation dis-
tance. Although error bars are not stated, in all cases the
statistical error for the exponent m was < 0.05.

Interacting
materials/surfaces Separation range Exponent m
Au-Au3? 25-100 nm m=25
Au-Aus8 160-500 nm m = 2.71
500-750 nm m=2.84
160-750 nm m = 2.76
Au-Aut0 98-300 nm m=2.79
98-200 nm m = 2.67
Ge-Ge*! 5501500 nm m = 2.84
Au-1TO*2 70-200 nm m =275
Au-AIST (A)*3 55-130 nm m = 2.49
Au-AIST (C)*3 55-130 nm m = 2.43
Au-Au*? 55-130 nm m = 2.55
Au-Au?5-46 65-350 nm m = 2.61
Au-HOPG*5:46 65-350 nm m = 2.67

Au—Aut7-50 30-1000 nm m = 2.64
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erably from m = 3 for ideal metals. It means that the particular optical properties
of real materials play significant role in determining dispersive forces. Moreover,
comparing the results obtained from different groups, it becomes clear that there
is good agreement indicating that a strong consensus in the Casimir field has been
reached. This is clearly shown, for example, from the Au—Au force data, which is
the most common measurement system of interacting material surfaces.

5. Conclusion

Casimir and van der Waals dispersive forces between macroscopic surfaces are
strongly influenced at small surface separations (smaller than the plasma wave-
length \,) by surface roughness and the frequency dependent dielectric functions
of the interacting materials. Lifshitz theory allows calculations of the Casimir/vdW
force only between two flat plates given that the frequency dependent dielec-
tric function is known. Indeed, we cannot compare different measurements of the
Casimir force with accuracy below the force uncertainty arising as a result from
the known variation in dielectric data of a given material. Therefore, when we are
dealing with dispersive forces between real materials precise characterization of the
particular samples is critical. As a result the effects of roughness and optical prop-
erties on the Casimir/vdW force were discussed in this review paper. Moreover,
in the regime of separations where beyond surface roughness plays no role, com-
paring the results obtained from different groups, it becomes clear that there is
good agreement indicating that a strong consensus in the Casimir field has been
reached. Notably, over the whole separation range 20-1500 nm, for measurements
performed at room temperature (T = 300 K), in air or vacuum as the intervening
medium, the average exponent m of the Casimir force appeared to span the range
m = 2.65 £ 0.2. The latter clearly shows that m < 3, which is in agreement with
expectations for real materials having finite conductivity.
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