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Template-stripped gold surfaces with 0.4-nm rms roughness suitable for force measurement
Application to the Casimir force in the 20–100-nm range

Thomas Ederth*
Department of Chemistry, Surface Chemistry, Royal Institute of Technology, SE-100 44 Stockholm, Sweden

and Institute for Surface Chemistry, Box 5607, SE-114 86 Stockholm, Sweden
~Received 6 June 2000; published 14 November 2000!

Using a template-stripping method, macroscopic gold surfaces with root-mean-square roughness<0.4 nm
have been prepared, making them useful for studies of surface interactions in the nanometer range. The utility
of such substrates is demonstrated by measurements of the Casimir force at surface separations between 20 and
100 nm, resulting in good agreement with theory. The significance and quantification of this agreement are
addressed, as well as some methodological aspects regarding the measurement of the Casimir force with high
accuracy.

PACS number~s!: 12.20.Fv, 06.60.Ei
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I. INTRODUCTION

More than 50 years ago, Casimir predicted that two p
allel conducting plates attract each other in vacuum@1#. The
attraction is the result of a modification of the electroma
netic modes between the plates caused by the condu
boundaries. The magnitude of this force per unit area
tween parallel plates, at separationd, is

F~d!

A
52

p2\c

240d4
. ~1!

Despite its implications in areas as diverse as cosmolo
Rydberg-atom spectroscopy, particle physics, and quan
field theory~see@2,3# for reviews!, quantitative experimenta
verification did not appear until very recently, when Lamo
eaux investigated this force~using a sphere-flat configura
tion! in the range 0.6–6mm with a torsion pendulum@4#,
and Mohideen and Roy used an atomic force microsc
~AFM! for studies in the 0.1–0.6-mm regime @5,6#. The
agreement with theory was claimed to be 5% and 1%
these experiments, respectively, but surface roughness
use of multilayer structures, and uncertainty regarding
absolute surface separation complicate the analysis in
cases. In these experiments, the proximity force theorem@7#
~or ‘‘Derjaguin approximation’’@8#! was used to transform
the result for parallel flats, yielding instead for a sphere a
a flat ~or for two crossed cylinders, which is the geome
used in this study!

F~D !52
p3R\c

360D3
, ~2!

whereD is the closest separation between the bodies andR is
the radius of the sphere for the sphere-flat geometry, whe
for crossed cylindersR5AR1R2, whereR1 and R2 are the

*Present address: Physical and Theoretical Chemistry Labora
Oxford University, South Parks Road, Oxford OX1 3QZ, Unit
Kingdom. Email address: ederth@physchem.ox.ac.uk.
1050-2947/2000/62~6!/062104~8!/$15.00 62 0621
r-

-
ng
e-

y,
m

-

e

n
the
e
th

d

as

radii of the cylinders. The Casimir result holds for tw
smooth and perfectly conducting bodies interacting
vacuum at zero temperature, and considerable effort has
devoted to the derivation of corrections to Eq.~2! for non-
ideal experimental conditions.

The correction for finite temperature has different fun
tional forms depending on the value of the parametet
5kBTD/\c. For the temperatures and separations con
ered here,t&0.01, which is in the low-temperature regim
@9,10#. The relative magnitude of this correction is less th
1024 in the range 20–100 nm, and is apparently of lit
importance.

The deviations from the Casimir result due to finite co
ductivity have been estimated using a plasma model of
metal with dielectric function«(v)512vp

2/v2, wherevp

is the bulk plasma frequency. The correction has the form
a series expansion in terms oflp /D @10,4,11#, and has been
determined at least to the fourth order@12#. At small separa-
tions, where the wavelengths of the lowest possible inters
face modes approach the plasma wavelength, the correc
for finite conductivity based on the plasma model is
longer valid. Lamoreaux@13# calculated the interaction with
Lifshitz theory @14# instead, using spectroscopic data. Th
avoids using the plasma model conductivity correction,
instead introduces the difficulty of determining the frequen
dependence of the permittivity of the metal over a wide f
quency range. In this paper, where the separation rang
,lp , a similar method is used.

In the roughness correction by Klimchitskaya@15#, the
corrugation amplitudeAr is chosen such that the deviation
the surface shape from ideally smooth is described bz
5Ar f r(x,y), where maxufr(x,y)u51. Thus, Ar should be
taken as half the maximum peak-to-trough roughness o
the surface, and assuming a random roughness distribu
the resulting correction is to second order

FR~D !5F~D !F116S Ar

D D 2G . ~3!

Again, higher-order contributions have been calculated
some experimental conditions@16#.
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THOMAS EDERTH PHYSICAL REVIEW A 62 062104
For further investigations of the Casimir force and rela
phenomena, improvements not only of the corrections,
also of the experimental procedures, are required to ob
accurate results. This paper describes the implementatio
a surface preparation procedure resulting in macrosc
metal surfaces with arbitrary thickness, whose roughnes
about one order of magnitude smaller than reported in p
vious experiments. The applicability of such surfaces
force measurements is demonstrated by measurements o
Casimir force at separations down to 20 nm.

II. NUMERICAL PROCEDURE

The interaction between the metal surfaces was calcul
as follows. For two gold plates with dielectric function«1,
covered with hydrocarbon layers («2, the purpose of these
are explained further down! of thicknessa, interacting across
air ~for which we assume«351), the free energy of inter
action per area at a separationd is given by@17,18#.

F~d,T!5
kBT

8pd2 ( 8
n50

`

I ~jn ,d!, jn5
2pnkBT

\
, ~4!

where the prime on the summation means that the termn
50 should be halved. The separationd is taken to be zero
where the hydrocarbon layers contact each other; see Fi
Further,

I ~jn ,d!5S 2jnd

c D 2E
1

` H lnF12~D̄31!
2 expS 2

2pjnd

c D G
1 lnF12~D31!

2 expS 2
2pjnd

c D G J p dp, ~5!

where

D̄315

D̄321D̄21expS 2
2jnas2

c D
11D̄32D̄21expS 2

2jnas2

c D
~similarly for D31). For any two adjacent layersi and j,

D̄ i j 5
sj« i2p« j

sj« i1p« j
, D i j 5

sj2p

sj1p
, sj5Ap2211« j ,

where« i5« i( i j). The dielectric function has a real and a
imaginary component,«(v)5«8(v)1 i«9(v). For a given
frequency«81 i«95n22k21 i2nk, but only the imaginary

FIG. 1. Schematic of the calculated system. The gold layers
assumed semi-infinite, and the thicknessa of each hydrocarbon
~HC! layer is 2.1 nm. The zero separation (d50) refers to the point
of contact of the two hydrocarbon layers.
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part of the dielectric function is required to calculate«( i j)
along the imaginary axis, using the Kramers-Kronig relatio
ship

«~ i j!511
2

pE0

`x«9~x!

x21j2
dx. ~6!

Tabulated spectroscopic data (n and k) for gold @19# were
used to calculate«( i j) using Eq.~6! for each frequencyjn .
In the low-frequency regime, the dielectric function was e
trapolated using a Drude model:

«~ i j!511
vp

2

~j21gj!
. ~7!

The plasma frequencyvp51.431016 and the relaxation pa
rameterg55.331013 were obtained as described in@20#.
The optical properties of the hydrocarbon layer were m
eled with a single oscillator@17#:

«~ i j!511
~n221!

11~j/vuv!
, ~8!

where n51.5 andvuv53.031015 for a solid hydrocarbon
@21#. Beyond the plasma frequency (vp

25Ne2/«0me), the
plasma model was used. The total interaction does not
pend critically on the parameters of the hydrocarbon lay
and more elaborate models did not produce significantly
ferent results.

For gold and hydrocarbon,«( i j) was calculated by inte-
gration of Eq.~6! between 1012 and 1021 rad/s for each fre-
quencyj. The integral~5! was then evaluated forp between
1 and 104, and the summation in Eq.~4! continued until
doubling the number of terms resulted in a change of l
than 0.01%.

To fit the calculated interaction to the measured data,
function

r5S Fexp~d1d!2Fcalc~d!2
a

d D 2

~9!

was minimized with respect tod anda. The first term on the
right-hand side is the measured force, where the paramed
is the deformation of the surfaces along the symmetry a
and is used to obtain the true surface separation. The se
term is the calculated interaction as described above,
rected for surface roughness to the second order. The
term is the electrostatic force between the surfaces cause
residual potential differences.

III. EXPERIMENTAL PROCEDURE

The gold surfaces were prepared by a template-stripp
method adapted from Wagner@22#. Thin (10–15 mm)
freshly cleaved mica sheets were cut in 131 cm2 pieces
using a hot platinum wire, and a 200-nm gold layer w
deposited onto the mica in an ultrahigh-vacuum evapora
at a rate of 0.5 nm/s, with the evaporation pressure typic
at 331028 Torr ~considerably thicker gold layers can b

re
4-2
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TEMPLATE-STRIPPED GOLD SURFACES WITH 0.4-nm . . . PHYSICAL REVIEW A62 062104
prepared in the same manner with no differences in su
quent preparation steps; the roughness of the final gold
face remains the same!. The gold-coated mica pieces we
glued ~Epo-Tek 301-2, Epoxy Technology! gold-side down
onto cylindrical silica disks (R510 mm). The day before
use, the disks were immersed in tetrahydrofurane until
mica sheet came loose~a few minutes!. After drying in a
gentle N2 flow, 50-mm gold wires were attached to the ba
gold using a gold spring clip, whereupon the surfaces w
immersed into a 1-mM solution of hexadecanethiol~Fluka,
95%) in ethanol, and incubated overnight. The hexadeca
thiol self-assembles into a close-packed crystalline mo
layer, with the hydrocarbon chains facing outwards and
thiol covalently attached to the gold substrate@23#. This
layer prevents contaminants from the laboratory atmosph
to adsorb onto the surface@24#, and so serves to keep th
surface well-defined, which is necessary for estimating s
face deformation in the force measurements. It also prev
cold welding of clean gold layers in contact, which wou
damage the surfaces upon separation. The thickness of
thiolate layer is approximately 2.1 nm@25#. After removal
from the thiol solution, the samples were sonicated in et
nol to remove physisorbed thiols. The surfaces were t
mounted in a crossed-cylinder configuration in the for
measuring device, and the wires from the two surfaces w
connected with a gold clip, providing an all-gold conducti
path between the surfaces~in such a way that the movemen
of one surface is not transmitted to the other surface thro
the wire!.

The surface roughness was measured with an A
~Nanoscope III, Digital Instruments! in tapping mode. The
roughness parameters are as measured over 131 mm2, and
evaluated using the software supplied with the instrumen

The contact angles with water were determined by slo
expanding a droplet on a flat template-stripped hydrocar
covered surface, and determining the angle formed betw
the water droplet and the substrate with a microscope g
ometer~Rame-Hart NRL 100!.

The force measurement device~Fig. 2! works in a manner
similar to the AFM, but is designed for measurements
tween macroscopic surfaces@26#. One surface is mounte
onto a piezoelectric tube, whose position can be adjus
with a motorized translation stage to within650 nm. A

FIG. 2. Simplified view of the force measuring device. T
position of the upper surface is controlled with a motorized st
~not in the figure! and a piezoelectric tube, while the response of
lower is detected with the bimorph transducer, acting as the m
suring spring. The LVDT is used to monitor the nonlinear expa
sion of the piezotube. The radius of curvature of the cylindri
surfaces is 10 mm.
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linearly variable displacement transducer~LVDT ! is
mounted in parallel with the piezo to measure the tube
pansion, in order to eliminate piezotube hysteresis in the s
sequent data analysis. The other surface is mounted on
piezoelectric bimorph deflection sensor@27#, acting as a
single cantilever spring, and the charge produced by the
morph upon deflection is detected with an electrometer a
plifier. A force-distance profile is acquired by moving th
surfaces towards each other at a constant rate from a se
tion ,3 mm, using the piezotube. When the surfaces c
tact each other, the surfaces are moved a further 200–300
together while being in contact~and the expansion of the
piezotube is directly transmitted to the bimorph!, before they
are separated again. The average approach rate was app
mately 80 nm/s. The distance resolution was;0.1 nm, and
the force resolution;10 nN. Data are presented in units
equivalent free energy of interaction, i.e., the force norm
ized with 2p3radius (F/2pR); the normalized force resolu
tion is ;0.1 mN/m ~or mJ/m2). The force profiles were av
eraged by arranging the force-distance data pairs from
individual approaches into a single column, sorting the d
by distance order and calculating a running average. All
periments were performed in air at 2561°C, and the relative
humidity during the experiments was<60%. A set of exter-
nal caliper gauges with a precision of60.05 mm were used
to determine the radii of the surfaces after the experime
The relatively stiff mica templates used to fix the low vi
cosity glue in the preparation step ensure that the deviat
of the local radii from the macroscopic radii are small. T
studied separation range was determined by the force m
surement device: the force resolution limit approaches
magnitude of the calculated result at separations beyond
nm, and at about 20 nm the gradient of the force is com
rable to the stiffness of the measuring spring, and the s
faces ‘‘jump’’ into contact.

IV. RESULTS

Surface preparation

AFM investigation of the template-stripped gold surfac
reveals peak-to-trough roughness of 3–4 nm, with cor
sponding root-mean-square~rms! roughness in the 0.3–
0.4-nm range~see Fig. 3!. A significant contribution to the
peak-to-trough value comes from a sparse population of
holes in the layer, probably resulting from insufficient a
nealing or heterogeneous growth of the gold layer during
initial stages of the evaporation. Comparing the results w
those of Wagner@22#, it appears that annealing the films aft
evaporation might yield a further reduction of the roughne
Compared to the 3-nm rms roughness amplitude reported
Roy in a recent report using a smooth metal coating@6#, the
template-stripping method yields a reduction of the roug
ness with almost one order of magnitude. With this roug
ness amplitude, however, the second-order roughness co
tion is still ;20% at 20 nm, and the calculated Lifshitz resu
must be corrected accordingly.

The contact angles with water after adsorption of the th
lates was 11062°, indicating that the surfaces expose
dense hydrocarbon layer.
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THOMAS EDERTH PHYSICAL REVIEW A 62 062104
Force measurements

A force-distance profile for a single approach is shown
Fig. 4. There appears to be no significant electrostatic in
action at large separations, which is also confirmed by
result of the fitting procedure~see further down!. However,
the used method provides only indirect determination of
separation between the surfaces, and the distance scale
be corrected for deformation of the surfaces caused by at
tive forces when they are in contact. The relatively soft g
used to support the gold layer causes the surfaces to de
substantially, but the layered structure of the surface ma
direct application of continuum theories for surface deform
tion questionable@28#. The central displacementd, i.e., the
total compression of the two surfaces along the symm
axis, has been calculated using finite element analysis for
silica-glue-gold system under consideration, and was fo
to be 18–20 nm for surfaces with the glue thicknesses u
here @29#. This implies that the measured force profil
should be shifted 18–20 nm towards shorter separations

Figure 5 shows two force profiles calculated as avera
of five different approaches in two independent experime
Fitting the averaged data to the Lifshitz result using Eq.~9!
yields a total compressiond of 9 and 12 nm, respectively, in

FIG. 3. Atomic force microscope image showing the struct
of the template-stripped gold surfaces. The peak-to-trough rou
nesses over 131 mm2 areas are 3–4 nm, the corresponding r
roughnesses 0.3–0.4 nm.

FIG. 4. A force-distance profile for a single approach; the d
played interval comprises approximately 7000 data points.
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moderate agreement with the numerical result. However,
calculated value of the compression corresponds to the
tact of ideally smooth surfaces, while the finite roughness
the real surfaces reduces the adhesion~and the central dis-
placement!, and the calculated value must be used as an
per bound to the actual central displacement. Taking this
consideration, the deviations are perfectly reasonable.

The parametera measuring the electrostatic contributio
to the force is,1.3310223 Nm for both data sets, which
results in an electrostatic force of the order of the instrum
resolution at the shortest separation, and it is concluded
this contribution to the total interaction can be ignored~re-
placing the 1/d term with a 1/d2 term, taking patch charge
into account, does not improve the fit!.

The absence of charges on the dielectric hydrocarbon
face might be surprising, but is probably a result of the na
ral humidity in the air surrounding the surfaces. At the re
tive humidities~RH! where the experiments were performe
(<60%), the amount of water adsorbed from the atm
sphere onto the nonpolar hydrocarbon layers is small, h
ever. For similar surfaces, the water coverage at 100%
has been determined to be 0.8 monolayers@30#. For solid
polyethylene with higher affinity to water~contact angleu
588°), water layers of the order of 0.1 nm at 60% RH ha
been reported@31#, while a surface conductivity study ar
rived at a 3 monolayer water thickness at 100% RH for
surface withu5104° @32#. Thus, assuming a 0.1-nm-thic
water layer on the surfaces appears to be a pessimistic
mate, and the effect on the interaction of such a layer w
calculated using an oscillator model for water, where a D
bye relaxation term in the microwave region is added
damped harmonic oscillators in the infrared~five terms! and
ultraviolet ~six terms! regions, with parameters as describ
by Parsegian@33# and Roth@34#:

«~ i j!511
f

11gj
1(

j

f j

v j
21j21gjj

. ~10!

e
h-

-

FIG. 5. The solid curves under the arrow represent two indep
dent experiments: each of them is an average of five approache
compensate for surface deformation, they are shifted towa
shorter separations when fitted with the calculated interaction
the gold-hydrocarbon-air system (d), where they coincide. The
deformations are 9 and 12 nm, respectively, in fair agreement w
calculations~see text for details!. The dashed line is the Casim
result, Eq.~2!.
4-4
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TEMPLATE-STRIPPED GOLD SURFACES WITH 0.4-nm . . . PHYSICAL REVIEW A62 062104
For equivalent separations between the solid surfaces,
effect of such a water layer corresponds to an increase in
calculated interaction of'1% at 20 nm. Considering th
assumption of a rather thick water layer, the error introdu
by neglecting this in the calculations is therefore conclud
to be small.

The contribution from the hydrocarbon layer to the to
force is 16% at a separation of 20 nm, and 3% at 100
Thus, the interaction is dominated by the contribution fro
the gold surfaces over the entire range. The use of Lifs
theory to calculate the interaction between imperfect cond
tors somewhat blurs the distinction between van der Wa
and Casimir forces, and although in the limit of short se
rations the interaction tends towards that of a nonretar
van der Waals force, a 1/D2 decay cannot be used to a
proximate the interaction at 20 nm. Further, due to the fin
conductivity of the gold layers, the 1/D3 dependence of the
Casimir result is not achieved at larger separations, but
rate of decay varies slowly within these bounds.

After fitting the data, the total rms force deviation
,1% of the force at 20 nm. The small differences betwe
the two experimental data sets in Fig. 5 after fitting indic
that the precision~repeatability! in the measurements i
good, in fact as good as the agreement with the calcula
interaction~the accuracy!, using the same measure as abo

V. DISCUSSION

The accuracy of the measurement

Although the rms deviation between the experimental a
theoretical results is,1% at the shortest separation, it a
pears that this result cannot—for several reasons—be ta
as confirmation of the theory at the same level of agreem
First, the Lifshitz calculations based on optical data is in
cure in that the optical data are incomplete, and extrap
tions have to be made; the potential errors due to the ch
of optical models in the extrapolated regimes~and the pa-
rameters used to describe them! have been reported recent
@20,35#, and to ensure that correct data are used, spec
scopic data should be collected for the very surfaces tha
used in the force experiments.

Further, from the series of reports by Mohideen and
workers@5,36,12#, it seems that the relative rms error at t
shortest separation is too blunt a measure of the agree
between theory and experiment: the first analysis of th
experiment in the range 100–900 nm used a method w
the Casimir force corrections to second order for conduc
ity, roughness and for the finite temperature were multipl
together, resulting in an rms deviation~as calculated over the
whole interaction range! corresponding to 1% of the force a
the shortest separation@5#. This analysis was criticized by
Lamoreaux@37#, claiming that the agreement must be co
cidental, since the corrections for conductivity and roughn
were not sufficiently detailed, and that the potential er
caused by this might be greater than 50%. Subsequent
different theory, including the roughness and conductiv
corrections to fourth order~and some ‘‘cross terms’’ as
well!, and using a more elaborate quantitative description
the surface roughness, was used to produce a similar
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relative precision at the shortest separation for the same
@12#. Thus, since it is emphasized in@5,36,12# that no adjust-
able parameters were used, it seems that a 1% rms ag
ment at the shortest separation allows for erroneous mo
to fit the data, and should perhaps be considered an inap
priate criterion for agreement between theory and exp
ment.

One reason for this is that the rms error calculated as
5A((Fexp2Fcalc)

2/N is unsuitable for relative error esti
mates for nonlinear functions with wide variations in mag
tude; even though the relative error in the measurement
amount to 100% or more at large separations where the m
nitude of the measured force approaches the resolution o
instrument, the average of those will be a small absol
error when measured relative to the magnitude of the forc
small separations. Averaging further into the region of lo
magnitude will continually decrease the rms error. For
data presented in Fig. 5, the rms error decreases if the s
ration range used for the calculation is increased, as is c
from Fig. 6. The rms deviation relative to the force at t
shortest separation is 0.48% if the deviation is compu
from 20 to 100 nm, decreasing to 0.36% if the rms er
summation is continued to 300 nm instead; indeed, a me
ingless measure of the accuracy. At approximately 100
the calculated force is of the order of the resolution of t
instrument, and beyond this point the accumulated rms e
decreases monotonically, even though the relative erro
the measurement is steadily increasing; see Fig. 7. Fo
single figure to measure the deviation between theory
experiment, the error at a particular separation is proba
better weighted with the magnitude of the force, and
averaging certainly should not continue beyond the po
where the magnitude of the calculated interaction approac
the noise level. The rms figures provided in@12# show a
similar trend; for deviations measured over 30, 100, and
data points~corresponding to separations 80–200, 80–4
and 80–910 nm!, the rms error is 1.6, 1.5, and 1.4 pN, r
spectively.

Whenever the separation between the surfaces is not m
sured directly~and with high accuracy!, the uncertainty in

FIG. 6. The accumulated rms error for one of the data set
Fig. 5. The error is calculated over ranges from 20 nm to the se
rations indicated on the abscissa. The rms error relative to the m
nitude of the force at the shortest separation~20 nm! is 1% for the
rms error calculated between 20 and 33 nm, decreasing to 0.36
averaging is continued to 300 nm, even though the relative m
surement error increases steadily in this range; see Fig. 7.
4-5
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THOMAS EDERTH PHYSICAL REVIEW A 62 062104
the location of the measured curve along the separation s
will always be a source of error. In the experiments p
sented here, the deformation of the surfaces is the only
maining fit parameter of significance, but it is not possible
establish with certainty that the central displacementd ob-
tained through the fit procedure is correct, which diminish
the strength of the measurement as a test of the Cas
force, and also precludes a quantitative assessment o
agreement between theory and experiment.

To determine the merit of the corrections to the Casim
force, a precise determination of the separation is essen
the corrections for conductivity and roughness are both
pansions in 1/d, increasing their effect at shorter separatio
If there is uncertainty in the separation, the error caused
using the wrong theory is easily obscured by a shift along
separation axis, which corrects for the deviations at sm
separations where the errors are greatest, while making
difference at larger separations where the force profile
much flatter. If, using the data in Fig. 5, the roughness c
rection is ignored in the calculated force profile, the total r
deviation at the smallest separation is 0.49% for the r
calculated in the range 20–100 nm, provided the experim
tal data are shifted 3.1 nm along the separation axis. With
shifting the curve, the rms error can be kept,1% if aver-
aging is continued to 400 nm. Besides, the data in Fig. 5
be shifted 0.5 nm in either direction, still keeping the rm
error ,1% for averages between 20 and 100 nm.

The ambiguity due to the fact that the rms error is co
tinuously decreasing as it is calculated over larger sep
tions implies that the relative rms error at the shortest se
ration is an unsuitable measure of the agreement betw
theory and experiment, and the 1% level, in particular, is
broad to discriminate the second-order roughness correc
from no correction at all, even though the magnitude of
forces differs by as much as 20%.

In a similar fashion, the Au/Pd layers covering the
surfaces used in@5,6,12# were ignored in the analysis, bu
could be accommodated as additional layers with effec
permittivity «'1.2 without changing the rms error, provide
all separations are increased 3 nm@12#. Incidentally, the
plasma wavelength used in@5,36,12#, lp5100 nm, was
taken from @19#, which gives ‘‘;15 eV’’ as the plasmon

FIG. 7. The magnitude of the relative error for the data set u
to calculate the rms error in Fig. 6.
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energy, corresponding tolp'83 nm. Already this differ-
ence causes a.3% deviation in the conductivity correctio
used in @36#, where at the same time it is mentioned th
‘‘Small changes inlp will not significantly modify s, ’’
which appears to confirm thats is not a very good measur
of the accuracy.

The methodological improvement

The principal methodological improvement in this pap
is the preparation of metal surfaces with reduced surf
roughness, though other problems common to this and
experiments discussed hitherto remain: the unknown ab
lute surface separation, the effect of additional layers,
determination of the permittivity~or finite conductivity cor-
rection! of the metals, and the presence of other interacti
~principally electrostatic contributions!. The suggested pro
cedure does not avoid these problems, but the two first po
deserve some attention.

The use of macroscopic surfaces improves accuracy, s
the magnitudes of the involved forces are greater, but inst
entails enhanced surface deformation problems. Any
bodies in contact deform to an extent determined by a b
ance between the reduction in surface energy and the el
strain energy caused by the deformation; for the gold-gl
silica system, the deformation at surface contact~with zero
applied external load! was calculated to be 18–20 nm. If th
two crossed cylinders used in the experiments were s
gold ~all other things being equal!, the calculated deforma
tion would have been 7 nm~see the Appendix for details!.
Klimchitskaya et al. mention that smoother metal coating
and surfaces with larger radii can be used to improve
precision of the measurements@12#, but this will inevitably
lead to increased problems with surface deformation. It i
mistake to assume that this is a problem limited to the us
macroscopic surfaces only, but it ought to be a matter
concern also in the analysis of past AFM experime
@5,6,12#. If the surfaces are smooth and the interfacial ene
of the contact is that of two hydrocarbon surfaces~which is
about as low as is practically achievable in air or vacuum!, a
200-mm polystyrene sphere~used in@5,6#! interacting with a
silica plate is compressed;10 nm upon contact, under zer
applied load~see the Appendix for details!. Now, roughness
decreases this figure since the effective contact area
creases, but, on the other hand, the interfacial energy
clean metal-metal contact might be two orders of magnitu
higher than that for two hydrocarbon surfaces. These iss
have to be addressed if a proper estimate of the separa
uncertainty is to be established.

The hydrocarbon layers described in this paper were u
both to keep the surfaces well-defined—which is essen
for deformation estimation—and to avoid cold welding
the gold layers in contact. Thus, besides producing surfa
with low roughness, the proposed preparation procedure
the added advantages that the surface energy is well de
~and small! by use of the hydrocarbon layer, and that t
theoretical treatment of this layer is fairly straightforward

VI. CONCLUSION

In conclusion, a template-stripping method was used
prepare smooth gold surfaces, with<0.4-nm rms roughness

d
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TEMPLATE-STRIPPED GOLD SURFACES WITH 0.4-nm . . . PHYSICAL REVIEW A62 062104
The roughness is independent of the thickness of the g
layer, and is about one order of magnitude smaller than
faces used in previous experiments. These surfaces~covered
with a hexadecanethiolate overlayer! were used to measur
the Casimir force in air at separations between 20 and
nm, a range that has previously been inaccessible due to
roughness of the samples. The results were found to b
good agreement with the Lifshitz prediction for the intera
tion, once the deformability of the surfaces had been ta
into account. The experimental uncertainties, above all
deformation, make a quantitative assessment of this ag
ment difficult, however. Using the obtained data, it is a
demonstrated that the rms error is a very ambiguous qua
tative measure of the agreement between theory and ex
ment, and in particular that a 1% level is not cogent enou
to discriminate the effect of corrections to the Casimir for
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APPENDIX: SURFACE DEFORMATION

To calculate the deformation of elastic bodies in conta
the models by Johnsonet al. @28# ~JKR! and Derjaguinet al.
@38# ~DMT! are the most commonly used. To discrimina
the range of applicability of either model, a dimensionle
parameter,m, is used@39#:

m5S Rg2

K2De
3D 1/3

, ~A1!

whereR is the radius of interaction as described in the Int
duction, g is the interfacial energy of the contact, andK
-

nn

s.
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2)/E11(12n2

2)/E2#
21 contains two materials con

stants, the Young’s modulusE and the Poisson ration, for
each material.De is the equilibrium separation between th
surfaces in contact, which is difficult to establish, but a fe
Å is a typical estimate. Form,0.1, that is, for small and/or
hard particles, the DMT model is appropriate, while the JK
applies wherem.5, and the interacting bodies are larg
and/or soft@40#. Most macroscopic surfaces fall into the la
ter category, and so does the polystyrene spheres use
some recent AFM experiments@5,6#. For polystyrene sphere
with R5200 mm, Young’s modulus 33109 Pa and Pois-
son’s ratio 0.33, interacting with a silica plate withE
5831010 Pa andn50.42, and further assuming an equilib
rium surface separation of a few, say, 3 Å, and the inter
cial energy of a hydrocarbon-hydrocarbon conta
0.05 J/m2, which is as low as is realistically obtainable
air or vacuum, the parameterm'12, which is in the JKR
regime.

For the present purposes, the JKR result of most inte
is the central displacement,d, i.e., the deformation along th
symmetry axis under the externally applied loadF ~where
F.0 for compression!:

d5
a2

R
2S 2pga

K D 1/2

, ~A2!

wherea is the radius of the contact region, given by

a35
R

K
$F13pgR1@6pgRF1~3pgR!2#1/2%, ~A3!

from which it is clear that the surfaces deform even witho
externally applied load. The pull-off force, the negative lo
that has to be applied to separate the surfaces from adhe
contact, is

Fa52 3
2 pgR ~A4!

which can be used to determine the interfacial energy of
interacting bodies.
s.
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