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As an extension of earlier experiments van der Waals forces have been measured between 
macroscopic objects of fused silica in the distance range of 20 to 260 nm. At separations below 
100 nm the measured forces are higher than predicted by the Lifshitz theory. It is shown that 
surface roughness has to be taken into account to obtain agreement between theory and experiments. 

INTRODUCTION 

Since the first measurements of van der 
Waals forces between macroscopic objects 
(1-3), many experiments have been per- 
formed with increased accuracy and over a 
longer distance range (4-6). In the past few 
years much progress has also been made 
with the calculation of van der Waals forces. 
Calculation of the force requires optical 
data over the entire frequency range for the 
objects used for the measurements and in- 
volves very lengthy calculations. Since 
these optical data were known only to a 
limited extent in the earlier calculations 
rather drastic approximations have been 
made. 

Van Silfhout (7) and Rouweler (6) used 
the retarded limit of the Lifshitz expression 
in combination with the square of the index 
of refraction in the visible region extrap- 
olated to long wavelengths. This takes into 
account that at the separations used in these 
measurements the force is retarded with re- 
spect to the absorption wavelength causing 
the visible refractive index, but nonretarded 
with respect to the absorption in the infra- 
red. This last absorption causes the static 
dielectric constant to be larger than the 
square of the visible refractive index, but 
contributes very little to the nonretarded 
force. 

According to this approach the force be- 
tween a flat plate and a sphere should be 
proportional to the inverse third power of 
the distance. Although thi s dependence was 
actually found, the measured proportion- 
ality constant was about twice the calcu- 
lated one. 

In 1971 Wittmann et al. (8) calculated the 
force on the basis of a more complete spec- 
trum of fused silica. They found a higher 
value for the retarded Hamaker constant. 
They also found that a fully retarded force 
is reached only at distances larger than 1000 
nm, where a temperature correction must al- 
ready be applied. 

More recently Chan and Richmond (9) 
also calculated the force between objects 
of quartz on the basis of electron energy 
loss spectra in a somewhat different way. It 
is of interest to compare the best experi- 
mental results with these new calculations 
of the force. 

EXPERIMENTS 

We have measured van der Waals forces 
between a flat plate and a part of a sphere. 
Both test objects were made of fused silica 
(Homosil, Heraeus Schott). The force was 
measured in the distance range 20 to 260 nm. 
Because of the large number of measure- 
ments and the good accuracy and reproduci- 
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bility as compared to earlier experiments we 
have used our new results for the compari- 
son with the theory. 

The measurements were performed with 
the same experimental set-up as that used 
by van Silfhout (7) and Rouweler (6). How- 
ever some important improvements have 
been introduced to make the determination 
of force and distance easier and more ac- 
curate. We shall give only a brief descrip- 
tion of these improvements here. For a more 
detailed description see van Blokland (10). 

In the first instance the apparatus was 
placed upon a table provided with air 
mounts (Newport Research Corporation). 
These air mounts isolate the apparatus 
against vibrations of the building and be- 
cause of the low resonance frequency of 
these systems a much better isolation was 
achieved than with the damping system used 
formerly (rubber and heavy load). Serious 
problems were always caused by dust. Par- 
ticles of dust between the test objects often 
made it impossible to obtain distances short 
enough to measure van der Waals forces. 
This problem has now been solved by mak- 
ing use of a filter unit provided with HEPA 
(High Efficiency Particulate Air) filters. The 
unit blows dust-free air along the apparatus. 
The distance between the test objects was 
adjusted roughly by micrometer screws. 
Fine adjustment was obtained by changing 
the air pressure in air bellows [see Ref. (7)]. 
The latter system is rather sensitive to 
small changes in temperature, which made it 
difficult to keep the distance between the 
test objects constant during the measure- 
ment of the force. To eliminate this diffi- 
culty a servo-system was constructed which 
kept the distance constant during one 
measurement. 

RESULTS 

In Fig. 1 a plot is given of the logarithm 
of the force versus the logarithm of the dis- 
tance. In a number of publications the force 
at this distance range has been represented 
as retarded and the retarded Hamaker 

constant is calculated by assuming an in- 
verse third power law in the plane-sphere 
configuration. For illustration we have 
drawn the dotted line in Fig. 1 with a slope 
of exactly -3 .  The Hamaker constant cal- 
culated from this line is 1.08 x 10 -28 Jm 
and agrees well with the values found by 
Rouweler (6) and van Silfhout (7). These 
values were 1.05 x 10 -28 Jm and 1.32 
x 10 -28 Jm, respectively. 

However, at the measured distances the 
force is not completely retarded and a 
comparison with theory requires a calcula- 
tion based on a more complete spectrum, 
including also infrared contributions. Cal- 
culations of this type by Wittmann et al. 
(8) and by Chan and Richmond (9) relate, 
however, to the attraction between two flat 
plates. For a comparison with our experi- 
ments we have transposed their results to 
the plane-sphere configuration by making 
use of a relation given by Derjaguin (11). 
For the case of an attraction between a 
plane and a sphere the relation becomes 

F(D)  = -27rRU(D)  [1] 

where F(D)  is the force between a flat plate 
and a sphere with radius of curvature R at 
minimum distance D. U(D) is the interac- 
tion energy per unit area between two 
flat plates at distance D. 

Curves I and II in Fig. 1 show the results 
based on the calculations of Wittmann et al. 
and of Chart and Richmond, respectively. 
The results of Chan and Richmond refer to 
crystalline quartz ("polycrystalline foils, 
evaporated on NaCI, refractive index 
= 1.52). For large separations a tempera- 
ture correction has been applied. The results 
of Wittmann et al. refer to fused silica and 
to zero Kelvin. Since our measurements 
have been made with fused silica and since 
at the distances involved the temperature 
correction is small, our results should agree 
better with those of Wittmann et al. than 
with those of Chan and Richmond. We have, 
however, not been able to check the optical 
data of our test objects against the data 
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FIG. 1. The van der Waals force between a flat and a convex test object (radius of curvature 1.00 m). 
The objects have been made of fused silica. The crosses indicate the force found by experiment. The 
dotted line has been drawn with a slope of - 3  and the retarded Hamaker constant calculated from this 
line is 1.08 × 10 -28 Jm. The drawn curves I and II give the force based on the calculations by Wittmann 
et al. and by Chan and Richmond, respectively. The broken curves I (5 nm) and I (10 nm) give the 
force when the force calculated by Wittmann et al. is corrected for a surface roughness of 5 and 
10 nm, respectively. 

u s e d  in the  a b o v e  ca lcu la t ions •  T h e r e f o r e  a 
p r e c i s e  a g r e e m e n t  shou ld  no t  be  expec t ed •  

N e v e r t h e l e s s  it  is c l ea r  t ha t  for  the  mid-  
dle  d i s t a n c e s  ( - 1 0 0  nm)  ou r  r e su l t s  ag ree  
qu i te  wel l  w i th  the  t h e o r y .  A t  l a rge r  dis-  
t a n c e s  t he re  is a t e n d e n c y  for  ou r  r e su l t s  to  
be  on  the  low side.  H e r e  the  fo rce  m e a s u r e -  
m e n t s  a re  v e r y  diff icult  ( forces  o f  10 - s -  
10 -7 N ,  tha t  is 1 - 1 0  /zg) and  a smal l  
r e s idua l  su r face  cha rge  might  cause  s o m e  
r epu l s i on ,  too  smal l  to  a f fec t  the  m e a s u r e -  
m e n t s  a t  s h o r t e r  d i s t ance s .  A t  d i s t a n c e s  
s h o r t e r  t han  a b o u t  50 n m  our  r e su l t s  a re ,  

w i t h o u t  a n y  d o u b t  m u c h  h igher  t han  the  
c a l c u l a t e d  c u rve s .  

Surface  R o u g h n e s s  

A p o s s i b l e  c a u s e  o f  th is  d i s c r e p a n c y  be-  
t w e e n  t h e o r y  and  e x p e r i m e n t  is su r face  
r o u g h n e s s .  

The  fo rce  is c a l c u l a t e d  for  two  i de a l l y  
s m o o t h  su r f aces  w h e r e a s  it is m e a s u r e d  be-  
t w e e n  su r faces  w i th  a def ini te  r o u g h n e s s .  
van  Bree  et al. (12) p o i n t e d  ou t  t ha t  sur-  
f ace  r o u g h n e s s  can  eas i ly  ra i se  the  fo rce  b y  
10 to  50%. T h e y  c h a r a c t e r i z e  the  su r f ace  
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roughness by (~)1¢2 which stands for the 
rms of  the deviations ~ from an ideally flat 
plate. For  the plane sphere configuration 
in the retarded region they find 

F c - I + F  6 ( ~ 2 )  (~12+ ~22) [2] 

where Fc is the corrected force,  F the force 
between smooth surfaces at the same aver- 
age distance, D the average distance, and 
~ and ~ the roughnesses for either of  the 
two surfaces, respectively.  The broken 
curves I (5 nm) and I (10 nm) in Fig. 1 
indicate how the force calculated after Witt- 
mann et al. is increased by a surface rough- 
ness of  5 and 10 nm, respectively,  when Eq. 
[2] is used. The correct ion will be somewhat  
too large since the force is not fully retarded 
and the areas of closest approach may come 
within the region of  the nonretarded force.  
In the nonretarded region the relative cor- 
rection is half as large as in the above equa- 
t ion.  Fur thermore  the equations given by  
van Bree et al. are only valid when ~ ~ D. 
A more complete equation valid as long as 
(~12 + ~2 2 ) < D  2is 

F - (D + gl + g2) ~ (1--x---~) 3 [3] 

where x = (~1 + ~2)/D. 

For  (~2)1/2 = 7 nm F c according to Eq. 
[3] would coincide with the I (10-nm) curve 
at D = 20 nm and it would be about  half  way 
between the I (5-nm) curve and the I (10-nm) 
curve at larger separations. 

The surface roughness will influence the 
measurement  of  the distance too. The dis- 
tance was measured by determining the in- 
tensity of  the light reflected from the gap 
between the test objects. Roughness affects 
this intensity most  strongly when the latter 
is near  a maximum or minimum of  the re- 
flected light and not at all half way between.  
Most measurements  were carried out near  
this half-way situation and calculations with 
a simple model for the surface roughness 
showed that the distance as determined 

optically differed in most  cases less than a 
few percent  from the average distance. 
Therefore ,  the effect of  surface roughness 
on the measurement  of  the distance was 
neglected. 

DISCUSSION 

Figure 1 shows that if the correct ion for 
a surface roughness of  7 to l0 nm is applied 
to the results of  Wittmann et al. theory and 
experiment  may well be reconciled. 

Electron microscopy has shown that the 
short-wave roughness of  our  test objects is 
at most  5 nm, but this technique does not 
give information about  longer wave com- 
ponents of  the roughness. For  this reason 
the roughness of  a few of  the test  objects 
(flat plates) was measured by scanning the 
surface with a diamond stylus of  radius 3 
/~m. Since the roughness to be measured 
was smaller than the range of  the equipment 
used (Pert-O-Meter,  type $4 BD) the signal 
was amplified and registered externally. 
With this technique the long wave com- 
ponents of  the roughness were found to re- 
main below 5 nm. 

However ,  measurements  at distances be- 
low 50 nm were possible only when very  
smooth areas of  the test  objects had been 
selected. Even  for the best areas repulsion 
was found at 20 to 30 nm. When the plates 
were shifted slightly away from such a pair 
of  super smooth areas a considerable in- 
crease of  the distance of  repulsion was 
found. This means that, in spite of  the low 
value of  surface roughness found with the 
two techniques mentioned above,  irregu- 
larities are present  at a large number  of  
places. They  cause repulsion at distances 
varying from 20 nm to more than 60 nm. We 
may expect  these irregularities to increase 
the attraction considerably at separations 
somewhat  larger than the distance of  repul- 
sion. Moreover ,  since the force is measured 
between various areas of  the test objects 
with different local irregularities, a large 
spread in the measurements  can be ex- 
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pected. In conclusion we feel that the dif- 
ference between the theory (for smooth sur- 
faces) and the experiments can be attributed 
in a large part if not completely to surface 
roughness. 
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