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[Plate 1]

This paper describes an experimental study of the van der Waals dispersion forces between
curved mica surfaces. For separations in the range 1.4 to 20 nm the forces were determined
by the jump method described in earlier work by Tabor &Winterton (1969). For larger separa-
tions the forces were determined by a new dynamic method. One surface was supported on
a rigid piezo-electric crystal and could be set vibrating at very small amplitudes over a con-
venient range of frequencies. The other was supported, facing it, on a stiff spring: its
natural frequency depended both on the spring stiffness and on the van der Waals force ex-
erted upon its by the first surface. By determining the resonant frequency as a function of
separation the law of force was deduced in the range 10 to 130 nm. Both methods thus
covered the range from 1.4 to 130 nm. In this way it is shown that there is a gradual transi-
tion between non-retarded and retarded forces as the separation is increased from 12 to 50nm.

Experiments have also been carried out on the influence of adsorbed fatty acid mono-
layers on the van der Waals interaction between mica surfaces. The results show that for
separations greater than about 5 nm the forces are as for bulk mica: for separations less than
3 nm the forces are slightly less and appear to be dominated by the van der Waals properties
of the monolayers themselves.

1. Introduction
The nature of van der Waalsforces

The van der Waals forces between any two atoms or molecules may be separated
into orientation, induction and dispersion forces. Orientation forces arise only in the
case of polar molecules, that is molecules having permanent multipole moments,
and may be explained in terms of the interaction between static dipoles, quad-
rupoles, etc. A polar molecule may also induce polarity in a nearby neutral molecule
and this results in an attractive induction force between them.

W ith non-polar molecules none ofthe interactions which are caused by permanent
dipoles can arise. However, the non-polarity of such molecules is a time average:
ifthey are studied at very short intervals they are found to possess finite fluctuating
dipole and higher multipole moments. These instantaneous moments induce polarity
in neighbouring atoms or molecules to give an attractive force. The fluctuations
involved have a frequency in the ultraviolet range and play an important part in
optical dispersion: for this reason forces arising from this mechanism are known as
dispersion van der Waals forces. For separations greater than about one nanometer
the forces due to dipole-dipole dispersion interactions generally overshadow those
due to dipole-quadrupole and higher multipole interactions, but for smaller
separations multipole interactions assume increasing importance. Dispersion forces.
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20 J. N. Israelachvili and D. Tabor

generally dominate over orientation and induction forces except in the case of
strongly polar molecules. For example with water the orientation, induction and
dispersive forces are in the ratio 20:1:3.5, while with hydrogen chloride the corre-
sponding ratios are 2:0.5:10 on the same scale.

At small separations van der Waals forces may be large but they are usually
weaker than chemical binding forces. On the other hand, for large separations they
are weak compared with electrostatic forces. In the absence of chemical and electro-
static forces they are the sole attractive forces between atoms or molecules.f For
example, the atoms in solid argon or the molecules in solid polyethylene are held
together by van der Waals forces while the imperfect gas behaviour of real gases is
due to them. The strength of van der Waals forces rises rapidly as atoms, molecules
or bodies approach one another. They are usually attractive but in special circum-
stances they can be repulsive.

Theories of van der Waals dispersion forces

Theories of dispersion forces are described as microscopic or macroscopic accord-
ing to the method of approach. In microscopic theories the force between atoms
and molecules is obtained in terms of their microscopic properties, for example the
atomic or molecular polarizabilities. London (1930, 1937) published the first satis-
factory microscopic theory of dipole-dipole dispersion forces for two neutral atoms
by considering the perturbation in their zero-point energy. Treating them as
isotropic harmonic oscillators of characteristic frequencies wland  and atomic
polarizabilities dxand a2he showed that the potential energy when they are a dis-
tance d apart is given by

TJ —aia? m
2 Wi+Wa d6 * j

If the atoms are an appreciable distance apart the time taken for the electrostatic
field of one instantaneous dipole to reach a neighbouring atom and return may be
comparable with the fluctuating period itself. In that case the dipole of the first
atom is no longer in phase with its neighbour and the law of force changes. The
interaction is now known as the retarded van der Waals interaction. Casimir &
Polder (1948) by an extension of London’s theory showed that for separations
greater than AJ2tg where A*are the characteristic absorption wavelengths, there
is a progressively diminishing correlation between the polarizations of neighbouring
atoms as d increases, and the energy is given by

tj 23flcaioad /o\
U ~ (04 )]

where a10, aare the static atomic polarizabilities. Thus as the distance d increases
above AJ271 the non-retarded 1/d6power law goes over to the retarded 1/d7power
law. The transition is gradual and may extend over several tens of nanometers.

f Certain spin interactions and relativistic effects between atoms (Power, Meath & Hirsch-
felder 1966) may, under certain circumstances, exceed any of the forces mentioned here.
However, there is no evidence to suggest that these forces play any appreciable part in the
forces between macroscopic bodies in the condensed state.
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Measurement of van der Waals dispersion forces 21

McLachlan (19634, b, 1965) has presented a more general microscopic theory of
dispersion forces-the ‘Susceptibility’ theory-which also takes into account the
presence of a third medium between the interacting atoms.

From microscopic theories, such as those described above, the dispersion energy
between two macroscopic bodies may be computed by straightforward pairwise
energy summation assuming that van der Waals interaction energies, like gravita-
tional potentials, are additive. In this way the force between bodies of various
shapes may be found. For example, for two semi-infinite solids (two parallel flat
plates) distance D apart the force per unit area/is

for non-retarded forces ' =8:D3 (3)
and for retarded forces: / = p4

where A and B are appropriate constants known as the Hamaker constants and
are related to the constants in equations (1) and (2) respectively.

The assumption of simple additivity ignores the influence of neighbouring atoms
on the interactions between any pair of atoms. Though these effects are small
(Langbein 1969) the problem is very complicated. It is completely avoided in the
macroscopic theory where the atomic structure is ignored and the forces between
macroscopic bodies are derived in terms of such bulk properties as their dielectric
constants.

The first general macroscopic theory is due to Dzyaloshinskii, Lifshitz &Pitaevskii
(1961). They applied the methods of modern quantum field theory to obtain the
dispersion force between two flat parallel plates 1 and 2 separated by distance D
by a third medium 3. For non-retarded forces the theory gives for the force per unit

area/
'‘Ah-g 3\ (e2~ €3\l
/ 8rD3Jo "}:’m>>L)°(eI+e3/ (e2+ e3dJ dE
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where e3= e3(if) is the dielectric constant (or permittivity) of the jth medium as
a function of an imaginary frequency if, and A is the Hamaker constant for non-
retarded forces. In the case of most dielectrics the first term of equation (5) con-
stitutes about 98 % of the total value of/.

For retardedforces the theory gives

TTrfIC 1 /gjp e30\ /e20 e3p\

f = 24074¢/0\e 10+ €3V \e D+ ey 20 e2>e30) (7)
= b\d\ (8)

where el0 e2), edare the static dielectric constants, and 0(elo, e20, e30) is a function
whose value lies between 1 and 69/2t4. B is the Hamaker constant for retarded
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22 J. N. Israelachvili and D. Tabor

forces. The above two equations are applicable to all media (metals and dielectrics).
Exact solutions are carried out by numerical methods once the dielectric data of
the media are known over the whole spectral range. Krupp (1967) has calculated
the dispersion forces for various solids 0.4nm apart and has obtained values
of / in the range (2-30)x 107N/m2 This of the order of the tensile strengths of
solids.

The effects of adsorbed surface layers on the dispersion forces between macro-
scopic bodies have recently been studied theoretically by Langbein (1969, 1971,
1972) and Ninham & Parsegian (1970).

Van derWaals dispersionforces and electrostatic images

Van der Waals dispersion forces are quantum mechanical in nature and the
theories are rather complicated and mathematically lengthy. This tends to obscure
the physical processes that give rise to them. In a succeeding paper an attempt has
been made at a simple treatment of dispersion forces based on the method of images
in electrostatics. Though no claim is made to mathematical rigour many of the
important results that have been derived by means of more sophisticated methods,
as well as some new results, are obtained in a way that is more easily under-
standable. For example, the method provides a conceptual explanation of repulsive
forces. In addition an equation (see equation (22) below) is derived for the non-
retarded forces between two bodies separated by a third medium in terms of an
adsorption frequency and refractive index: no integration such as occurs in
equation (5) is required.

Previous measurements of van der

As van der Waals forces are involved whenever bodies come into close proximity
these forces play an important role in such diverse processes as colloidal stability,
surface tension, the strengths ofsolids, adhesion, the behaviour ofgases, the thinning
of liquid films, the stability of lipid membranes, etc. Many of these systems have
already been studied. However, experiments of this type to determine van der
Waals forces are indirect, involving many parameters which themselves are
uncertain.

The most satisfactory study of van der Waals forces involves simpler, more direct
experimental procedures. The method commonly used is to position two bodies
close together and to measure the force of attraction as a function of the distance
between them. Most of the measurements carried out in the fifties and sixties
were of this type: the bodies were made of glass, the force was determined by
measuring the deflexion of a balance arm, and the distance between the highly
polished surfaces obtained by optical interference. In this way the van der Waals
forces between various types of glass were successfully measured in the range 25
to 1200nm and confirmed the existence of retarded forces.

In all these experiments three problems were invariably encountered:

(1) Vibrations from the surrounding always found their way into the sensitive
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Measurement of van der Waals dispersion forces 23

moving parts of the apparatus and could never be completely suppressed. The
effect of vibrations was to prevent accurate measurements from being made at
large separations where the forces are very weak. Hence the upper limit of
1200 nm.

(2) Protruding surface asperities of the order of 5 to 20nm, small dust particles,
and a layer of silica gel, were always found to be present on the glass surfaces and
these prevented measurements from being made at separations smaller than several
tens of nanometers. It is only in the last year (Rouweler & Overbeek 1971) that the
first successful measurements below 80nm were made on glass surfaces-a con-
sequence of improvements in surface preparation.

(3) Electrostatic charges on the surfaces often gave rise to spurious results.
Several techniques were applied by which these could be detected and removed.

The first measurements of this type were by Derjaguin and his school in Russia
(see, for example, Derjaguin, Abrikossova & Lifshitz 1956), by Sparnaay (1952,
in 1958) Holland and by Kitchener & Prosser (1957) in Britain. The best results to
date on glass are undoubtedly those ofthe Dutch school (Black, de Jongh, Overbeek
& Sparnaay (i960); Sparnaay & Jochems (i960); Van Silfhout (1966); Rouweler
& Overbeek (1971)). Rouweler & Oberbeek (1971) measured the dispersion force
between a fused silica glass lens and a flat in the range 25 to 350 nm. Above 50 nm
retarded forces were observed, while at shorter distances a transition towards non-
retarded forces was detected.

A new experimental method due to Hunklinger (1969) avoided the problem of
vibrations. One of the surfaces was made to vibrate at a known amplitude, and the
amplitude of vibrations induced in the other was measured. In this way the van der
Waals law of force was obtained in the range 80 to 1200 nm.

In general, agreement between experiment and theory is good: the correct power
law for retarded forces is obtained, and the values found for the magnitude of the
forces agree within a factor of two. It is, however, worth noting that the so-called
‘theoretical *values are themselves calculated in terms of often scanty experimental
data.

In 1969 Tabor & Winterton measured the van der Waals forces between two
mica surfaces. Mica is one of the few materials with a surface that is molecularly
smooth over fairly large areas, and for this reason it was possible to measure the
forces from 30nm down to 5nm-the first successful measurement in the non-
retarded region. As the work to be described is essentially an extension of the
Tabor & Winterton work we shall leave further reference to it until later.2

2. Experimental method and procedure

An apparatus was constructed to measure the van der Waals forces between
two crossed cylindrical sheets of muscovite mica. The contact resembles that be-
tween a sphere and a flat. Two mica sheets, a few micrometres thick, were first
silvered on one side and then glued to two glass sections that had been cut out
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24 J. N. Israelachvili and I). Tabor

from cylindrical tubes. The sheets were glued with their unsilvered surfaces ex-
posed. The glass sections were then mounted into the apparatus so as to face each
other with their axes at right angles (figure 1). The distance between the surfaces
was measured to about +0.2 nm by allowing white light to pass through them and
observing the interference fringes (fringes of equal chromatic order or f.e.c.0.)
spectrometrically. For details of the optical method see Tabor & Winterton
(i969)-

The van der Waals forces were measured by two different methods: (1) by the
‘jlump method’, in the range 1.5 to 20nm, and (2) by the ‘resonance method’, in
the range 10to 130nm.

double
cantilever upper
i support
spring spectrometer PP
jump resonance
method method
» Uiy
------ 1Ay
movable
clamp
lower support
piezoelectric
transducer
white light

Figure 1 (a). Schematic drawing on the main parts of the apparatus. In jump experiments
adouble cantilever springwasused. In resonance experiments a single cantilever ‘bimorph’
spring was used as shown in figure 1(6), plate 1.

Method 1. The jump method

The lower glass section (figure 1) is attached to a rigid base capable of vertical
displacement through a total distance of about 2mm, with control better than
0.1nm. The larger movement was achieved with a two-lever system operated by
a motor-driven micrometer screw while the fine control was obtained with a piezo-
electric transducer of sensitivity 0.4nm/V for finally bringing the surfaces towards
each other.

The upper glass section is mounted at the end of a double or single cantilever
spring. If the lower surface is moved towards the upper, at some point-depending
on the stiffness of the spring-the two will jump into contact. The measurement of
this jump distance as a function of the spring stiffness is the basis of the jump
method. The theory is as follows.
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Figure 1(b). Photograph of apparatus as used in resonance experiments. The parts for use in
jump experiments are on the bottom left.

(Facing p. 24)
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Measurement of van der Waals dispersion forces 25

When the surfaces are a large distance D apart there is no van der Waals inter-
action between them and the equilibrium position of the upper surface is at x = 0.
Asthe lower supportis moved upwards the increasing van der Waals attraction pulls
the upper supportdownto anew equilibrium position where the spring deflexion = x:
here the van der Waals attractive force tf/D 7is balanced by the restoring force of
the spring Kx, so that at equilibrium we have

F=
The jump occurs when the gradients of the van der Waals and spring forces are
balanced, i.e. when
dF = - I ridD-Kdx = 0. (10

But dx = —dD. This gives the jump distance D0as
A InE\ 1)
p»=(X) . <>

Thus a graph of IgA against IgAOshould give a straight line of slope —I/(n+ 1)
from which the constant € may also be determined. For crossed cylinders of radius
Rtheory predicts that

for non-retarded forces: F AR/QD32.e. *

for retarded forces: F = 2nBR/3D3 i.e. %= frcAA, 3, (13)

where A and B are the Hamaker constants for non-retarded and retarded van der
Waals forces.

Thus to find A and B by the jump method we require to measure DO, R and K.
The jump distance DOwas measured to 4% from the shift in wavelength of the
f.e.c.o.fringesatthe'jump; theradius Awas measuredto about 10% fromthe shape of
the fringes, and the stiffness K determined by measuring the natural frequency  of
vibration of the upper support: this is related to K by the equation/«, =
where m is the inertia of the support. A known mass was attached to the upper
support and from the new natural frequency the inertia term was eliminated and
K calculated.

There is also a contribution to the stiffness from the inherent stiffness of the lever
system, the mountings and the glue layer supporting the mica sheets. This remains
fixed throughout an experiment and was determined by squeezing the surfaces
togetherwith a knownforce and measuring, with a sensitive dial gauge, the approach
ofthe supports. In this way the overall stiffness could be measured at each clamping
position to an accuracy of about 3 %.

The jump method was previously used by Tabor & Winterton (1969) to measure
forces between mica surfaces in the range 5to 30nm. In their apparatus the spring
stiffness was varied by fitting a new spring to the upper support. This meant that
a complete experiment had to be carried out for each new point on the graph of
IgA against IgAOQ: new mica sheets had often to be prepared and mounted into
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26 J. N. Israelachvili and D. Tabor

the apparatus; the optics realined; the radius of the surfaces measured, and the
spring stiffness recalibrated. As a result much time and consistency were lost.

In the new apparatus these defects were overcome by using a cantilever spring
whose stiffness K could be varied by adjusting the clamping position along its
length: and as the stiffness of a cantilever spring is proportional to the inverse
cube of its free length a very wide range of stiffness was thereby achieved. With
this arrangement the jump method proved effective for separations ranging from
2to 20nm in the case of clean mica surfaces, and in the range 1.4to 20 nm for mica
surfaces each coated with a monolayer of stearic acid. Accurate measurements
of larger jumps proved impossible owing to vibrations-larger jumps requiring
weaker spings, which are more sensitive to external disturbances. The smallest
jump distance could not be reduced below 1.4nm: this was determined by the
maximum stiffness attainable with the apparatus.

Method 2. The resonance method

As vibrations made it impossible to use the jump method for accurate measure-
ments much above 20nm some other method had to be devised suitable for the
larger distances. This is the resonance method.

Consider the two mica surfaces of figure 1a large distance D apart so that there
is a negligible van der Waals interaction between them. The natural frequency
of mechanical vibrations of the upper support/«, will depend on the spring stiffness
and on the inertia of the support. If the two surfaces are now made to approach
each other the increasing van der Waals attraction between them will cause the
natural frequency to fall below /«, until, at the jump separation, the natural fre-
quency is zero.

The principle of the resonance method is to measure the resonant frequency fD
of the upper support as a function of the gap distance D, and from this to deduce
the law of force in the range of distances measured.

In a resonance experiment the spring of the upper support is fairly stiff and
remains fixed throughout the experiment. The spring is made of piezoelectric
material and serves both for a spring and a strain gauge. (In our experiments
a piezoelectric ‘bimorph ’ strip was used, made by Vernitron Ltd, Southampton.)
Thus vibrations of the upper support were measured from the output voltage
generated by the vibrating spring whose sensitivity was of the order of 1mV/nm,
but also included noise.

One of the main differences between the jump and resonance methods concerns
air damping. The jump method is carried out at atmospheric pressure; here the
air in the gap between the surfaces is an advantage since it damps out the vibrations
of the upper surface. If the resonance experiments were to be carried out in air
at atmospheric pressure the damping would be above critical. It is desirable to
reduce air damping to negligible proportions. This was achieved by mounting the
apparatus in a large chamber which could be evacuated to about 5x 10-5 mmHg
(k 7mPa).
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Measurement of van der Waals dispersion forces 27

A brief account of the theory of the resonance method is as follows. Let the

lower support vibrate with angular frequency = 27c/) and small amplitude A
(figure 1). This will induce vibrations in the upper support of angular frequency p
and amplitude Ax.We can therefore write:

for the upper support: x = x+ Ax |,

for the lower support: y=

for the separation: D =y—x =D+ (Ayei0—AX) = 4 ADeipt,
which can be substituted into equation (9) to give the equation of motion of the
upper support: A

AF = 1S +ADeiv)n~ K{X+Axe't) =m£’ <14)

where m is the inertia of the upper support.

Although the damping due to air is negligible there remains another contribu-
tion to the damping from the internal friction of the piezoelectric bimorph strip.
This may be taken into account by introducing a viscous damping term into
equation (14). The resulting expression may be simplified and put in more convenient
form in terms of the natural frequency at infinite separation and the jump
distance DO, defined by

Poo = (K/m)i = 2nifw  DO=

from which we finally obtain the general equation of motion for forced oscillations
of the damped system:

Qio= (DJD

Ay {(p2- p B) +iyp/m}’

The term pD the denominator of equation (15) is the resonant angular frequency

ofthe upper supportwhen the surfaces are distance D apart. This may be expressed
in terms of the natural angular frequency Owhen 00 by the relation

(15)

Pd=PM ~( W > (16>

This expression shows that when D = D0 the upper support has zero frequency
since it is in a force field which locally shows no variation with displacement
(dF/dx =0). As Dicreases above DOthe resonant frequency rises, at first she
and then more gradually, converging towards p@as D approaches infinity. This is
the equation which forms the basis of the resonance method.

From equation (15) we also obtain the phase difference 6 between the two
vibrating surfaces:

= tan- v yf 1
6 =tan-1 m(p2-p%) arctan Ziim (P -f1)\ (17)
It is also sometimes convenient to express the damping in terms of a quality
factor Q defined by Q—p mjy

In most resonance experiments a 50.

Downloaded from http://royalsocietypublishing.org/rspa/article-pdf/331/1584/19/60127/rspa.1972.0162.pdf?casa_token=F GEqOkSDZJMAAAAA:pEN8JHI701ispsa_Dzpof
by University of Alberta user
on 11 December 2025



28 J. N. Israelachvili and D. Tabor

Equation (17) shows that when the vibrations and Ax of the surfaces are
exactly out ofphase (i 0= 90°)then/ =fD.This provided the method ¢
the resonant frequency fDAnN a.c. voltage from a high-stabil
applied across the piezoelectric transducer making the lower surface vibrate at
a very small amplitude of about 0.1nm and at a frequency / slightly below
This induced vibrations in the upper surface by the coupling provided by the van der
Waals interaction. The input signal of the piezoelectric transducer and the output
signal of the piezoelectric bimorph strip were both fed into a lock-in amplifier
system (Brookdeal Electronics Ltd, type 40) which measured the relative phases
of the vibrating supports, and was set so as to give a zero meter reading when
6 = 90°. The separation D was slowly varied while the forcing frequency/was kept
fixed, and the value of D at which the pointer on the meter passed through the zero
position recorded: this is the value of D for which/ =fD.

The values of D and/ (= fD) were recorded and the measurements repeated at
different values of/. It was possible to make about 10 readings of D and  covering
the range 10 to 130nm, in Jh. Typical values of D0 and /«, were DOXx 8nm,

« 100 Hz.

The major advantage of using the phase difference as a means of determining
the resonant frequency is that when/ = fDthe value of 6 is 90° whatever the value
of the damping constant y (provided it is not so large as to give critical damping).
Indeed the damping only determines the sharpness of the sweep through the null
reading around 6 = 90°, it does not introduce any error in the final result.

The accuracy of the method is high for the following reasons:

(1) As the forcing frequency/ = fDis stable and measurable to at least 1 part in
106it is possible to make accurate measurements at large separations wheref Dand

differ by no more than 1part in 105.

(2) The position ofthe fringes isrecorded at anull reading ofthe meter, sothat - as
with all null methods-there is no systematic error in the values of D so measured.
The values of D could be measured as accurately as the optics allowed, i.e. to
about £0.2nm.

(3) It is not necessary to have large amplitudes of vibrations in order to make
accurate measurements. The electronic measuring instruments were sufficiently
sensitive for readings to be made when amplitudes no greater than 0.1nm were
used. It may also be shown that at these small amplitudes the effects of nonlinearity
in the oscillations may be ignored.

(4) The problem of extraneous vibrations does not arise. Random vibrations
in the upper support appear as noise in the output signal of the bimorph strip; this
noise is effectively eliminated in the lock-in amplifier system which only selects that
component in the signal that is of the same frequency as the forcing frequency.

One serious source of error resulted from the high sensitivity of the piezoelectric
bimorph strip to temperature variations. Throughout the course of an experi-
mental run in which frequencies are being measured to 1part in 106, it is essential
that the natural frequency /*, of the upper support also remains constant to 1part
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Measurement of van der Waals dispersion forces 29

in 106. This is especially important when measurements are being made at larger
separations where a change in fOfonly 1partin 104changes the
D by as much as 60nm. Unfortunately, even the slightest variations in temperature

gave rise to noticeable changes in the viscoelasticity of the bimorph, manifested

by corresponding variations in/«, by as much as 1part in 105during the course of

an experimental run.

In practice, the apparatus was evacuated and the temperature allowed to
stabilize for about 10h before the first measurements were taken, but long-term
drifts were never quite successfully eliminated. Thus during some experiments
the value of/«,would progressively rise, while in others it would fall. Bearing this
in mind it was possible to fix the limits of error in the measurements of D.

3. Results

The van der Waals forces were measured in the range 1.5 to 20nm by the jump
method, and in the range 10 to 130nm by the resonance method. In the region

20nm-

| error bars

Figure 2. Results of jump experiments to measure the van der Waals force between crossed
cylinders of micain the range 2to 20nm. In the non-retarded region of force equations (11)
and (12) predict the following relation between DOand ( ):

= oa  |il(«tn

W M
where DOis the jump distance (nm), K the stiffness (N/m), R the radius of surfaces (m),
A the Hamaker non-retarded force constant (J) and the power law of the law of force.
The results show that below 12nm the forces are non-retarded with n —2.0+0.1,
A = (1.35+0.15) 10~19J. Above 12nm retardation effects begin to set in and by 20nm
the power law has increased to n k2.

Do
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30 J. N. Israelachvili and D. Tabor

where the measurements ofthe two methods overlapped (i.e. between 10and 20nm)
the results, both as regards the magnitude of the force and the power law, were in
complete agreement.

«30nm

Figure 3. Results of Tabor & Winterton (1969) shown as small circles, with those of figure 2
shown as large circles, for comparison. The earlier results show larger experimental
scatter and do not extend to separations lessthan 5nm. Further the transition to retarded
forces appears to be complete for separations of 30nm whereas in the presentinvestigation
it occurs at larger separations.

Figure 2 shows the results of a typical jump experiment. The graph is a straight
line from 2 to 12nm indicating that in this region the forces are non-retarded.
Above 12nm retardation effects begin to set in and the line curves over gradually,
tending towards an ultimate slope of —1/4. The earlier results of Tabor &Winterton
(1969) are shown in figure 3 with the line of figure 2 superposed for comparison.
The agreement is good, though the scatter of points in their graph is much greater -
a result of the larger error in the radius of the surfaces, which had to be measured
separately for each point. Tabor & Winterton’s measurements extended to 30 nm,
and between 20 and 30nm their line gives n & 3 so that it was concluded that
above 20nm the forces are already completely retarded. However, they were
not aware that as the amplitude of vibrations progressively increases the measured
jump progressively decreases below the true value. Thus in all probability their
line above 20 nm slopes towards a retarded power law too early.
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Measurement of van der Waals dispersion forces 31

The results of resonance experiments may also be presented graphically by
plotting natural frequency fBpainst distance D; the curve may then be ar
by fitting it to equation (16). However, for a qualitative as well as a quantitative
understanding of the results a straight line graph is more desirable.

*|OOnm

< 16

Figure 4. Results of a resonance experiment to measure the van der Waals force between
crossed cylinders of mica in the range 10to 130nm. According to theory

g = “+2,lgB)+lg [>TW vd
In thisexperiment= 109.00Hz, K = (2.57 £ 0.03) x 103N/m, and R = (1.58 x 0.05) x
10~2m.
Line B: retardedBrom points above about 50 nm we find n3.0,D0=7.8+£0.1nm

so that in this region retarded forces are operating. Using equations (11) and (13) we
obtain B = 3D”+1K/2nnR = (0.97 £ 0.06) 10~28Jm.

Transition region. Below about 50nm the power law falls below 3.0 reaching 2.2 at
about 17nm.

Line A : non-retarded forces. This line represents the non-retarded law of force with
n —2 as determined by the jump method for distances below 12nm.

Differentiation of equation (16) gives

1d
+
19 5 4 (n+2)lg '9 (W+IIDFf+VI (18)
Consider two readings at D and D + AD where the measured frequencies are
fDand/o + A fDA graph oflg (dD/fDd fD)
a line of slope (n +2) from which the value of DOmay also be determined. T

der Waals force constants A and B may then be determined from equations (11)
to (13).
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32 J. N. Israelachvili and 1). Tabor

It may be shown that the value of D, say D, against which is to be
plotted is not the mean of D and D + AD, but is given by
(n+\) (AD/D) iKn+2) AD n+SA
{11+ =D+1> ¥ T +-' <19>

To findID by this formula we also require the power law n, but it turns out that the
values of D so calculated are very insensitive to n. For example, if D = 14.36 nm,
and D +AD = 18.03nm, then from equation (19) we find

D (n=2)—16.02nm, 3) = 15.99nm;
cf. D =D+ |AD = 16.20nm.
A similar expression applies for finding f D.Whic

D the error is not greater than 2% but the error in the slope of the curve is appre-
ciably greater.

T rel;arded
/ \
/
3
| tlransitior egiorl
*
%L n
noii - r et<m ie<i A
LIJULLLIg tL -
separation m)

Figure 5. Variation of the power law n of the van der Waals law of force between crossed
mica cylinders with distance D. The curve is based on the combined results ofa number of
jump and resonance experiments.

The results of a number of resonance experiments carried out with one pair of
mica specimens is shown in figure 4. Below 10nm the ‘equivalent’jump experiments
results have also been added.

Figure 5 shows how the power law n varies with distance.

The results of the jump and resonance experiments on the van der Waals law
of force between crossed cylinders of mica may be summarized as follows:

Non-retarded forces.In the range 2to 12nm the force is completely non-retarded

with A =(135+0.15)x 10-19, 2.0%0.1.

Transition region. For separations greater than 12nm the power law increases
above 2.0 and by 50nm has reached 2.9. Thus the transition between non-retarded
and retarded forces may be said to occur between 12nm and 50 nm.
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Measurement of van der Waals dispersion forces 33

Retarded forces. Above 50 nm the force is retarded with
B = (0.97 +0.06)x 10-28Jm, n =3.0+0.1.

Influence of monolayers on the surfaceforces. Jump experiments were also carried
out with a monomolecular layer of stearic acid on each mica surface deposited from
a Langmuir-Blodgett trough in the conventional manner. The jump distance Z0
as determined from the fringes is the separation between the outermost CH3groups
of the stearic acid monolayers. The results of one experiment are shown in figure 6
and suggest that for separations greater than 5nm the force is the same as for bulk
mica, but that below 3nm the force remains non-retarded (with 2) though the
value of A is now about 75 % less than that for bulk mica.

(~2 theoretical limit
\\' for large Do

theoretical ¢
limit for small DO

Figure 6. Results ofa jump experiment to measure the van der Waals force in the range 1.4
to 7nm between two mica surfaces with a monolayer of stearic acid on each. The con-
tinuous line is the theoretical curve based on equation (21). It is seen that above 5nm
the force is non-retarded and the force constant A is as for bulk mica. Below 3nm the
force remains non-retarded but A is now about 75 % of the mica value.

4, Comparison op results with theory and discussion
Retarded forces and the constant B

Richmond & Ninham (to be published) collected all the current available data
on the dielectric susceptibility of Muscovite mica, integrated the Lifshitz equation,
and obtained a theoretical value for the constant B of

B 693 x 10~8BJ m

3 vol. 33.. A
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34 J. N. Israelachvili and Tabor

which is in complete agreement with our experimental result of
B = (0.97 £0.06)x 10~8Jm.

One may also obtain an approximate value for B from equation (7). In the optical
region the refractive index of mica is 1.60, thus putting el0= e = 1.602= 2.56,
ed= 1, O= 69/2rBequation (7) gives

B —0.88 x 10-28Jm ..

Non-retarded forces and the constant A

Unfortunately, notenough detail is known ofthe dielectric properties ofmuscovite
mica for an accurate theoretical prediction of A to be made. However, as the non-
retarded forces that were measured arise mainly from absorptions in the u.v., and
as mica shows strong absorption at about 100nm, we may obtain an estimate of A
by using a formula derived by Van Kampen, Nijboer & Schram (1968) and by
Tabor & Winterton (1969) which gives the dispersion force between two identical
media that have only one absorption frequency g0:

f= A = M 0) ™ 1)2 120\
J  6eD* 32Ne&R(0)

Putting e(0) = 2.56, and taking A0to be 100 nm, we find
A = 0.95x 10~19J.

This gives a rough value for A for mica. The real value is expected to be greater
due to absorptions in the infrared which also contribute to the value of A, but
these are difficult to assess. For water, which absorbs strongly in the infrared,
Ninham & Parsegian (1970) estimate the contribution to be about 20%. One
expects less for mica. Other terms in the series expansion of which equation (20)
is only the first will also increase A. This is a small effect of order 1to 2%. On the
other hand, equation (20) assumes the existence of one infinitely sharp absorption
peak. For absorptions extending over a finite bandwidth Aa>it can be shown using
equations (23) and (24) that A should be increased by a factor given approximately
by I +f(A a/dg2in the case of mica (AwwQ) « (A. F. Vickers, private com-
munication). This implies an increase of about 10%. In view of these limitations the
estimate obtained by means of equation (20) is in reasonable agreement with our
experimental result of (1.35 + 0.15) x 10~19J.

Influence of adsorbed monolayers

We first make a theoretical estimate of the Hamaker constant A of stearic acid
in monolayer form. By an interferometric technique described elsewhere (Israelach-
vili 1971) we were able to show that the stearic acid monolayers deposited on the
mica had a thickness of 2.5+ 0.1 nm and a refractive index of 1.50 £ 0.01. As the
X-ray length of the stearic acid molecule is 2.44nm we may conclude that the
molecules are oriented with their chains normal to the mica surface. Consequently
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Measurement of van der Waals dispersion forces 35

the refractive index found for the monolayers is for light travelling parallel to the
hydrocarbon chains and agrees with the value 1.51 quoted for crystalline stearic
acid (Winchell 1954). The two monolayers are absorbed with their carboxyl groups
attached to the mica surfaces so that the polar groups of each layer are always
more than 50nm apart. It is therefore reasonable to assume that the dispersion
forces between two monolayers are due essentially to the interaction between their
hydrocarbon chains.

Adsorption spectra for long chain w-alkanes show a single sharp absorption peak
at AD= 80nm (Schoen 1962; Koch & Skibowski 1971). It this also applies to the
monolayers we may put e(0) 1.52= 2.25 and A0= 801lminto equation (20). We
find for stearic acid A = 0.88 x 10~19.

T D T

mica st.ac. air st.ac. mica

© © © © O©

ei0-2.56 620=2.25 e30=I 620=2.25 6ig=2.56

Figure 7. Arrangement of mica surfaces covered with adsorbed layers of stearic acid (st. ac.).

According to Ninham & Parsegian (1970) the dispersion force for the mica-
monolayer system (see figure 7) is given approximately by the relation

n232 ~A 123 ~121

D3 D+Tf
Aett 21
~D 3’

where A ikj represents the Hamaker constant for the interaction between two bodies

i andj when separated by a third medium X and is defined by equation (6). Thus

the effective Hamaker constant AeU should vary with separation D. At small
separations ( B T) it should tend towards A2 (that is monolayer-air-monolaye
and at large separations (D > Jowards A 22—2A 123+ A 121 which
to be very nearly equal to A13l (that is mica-air-mica). For simplicity we may
assume all the media to have the same absorption frequency (c0. By a method similar

to that used in deriving equation (20) we then obtain (see following paper)

_ R (el0—e) (eD—e) >22)
12 8V2 (el04-e)E (eD+ e)i [(e104-e)i 4- (€D4-e30)i]°

which yields A22 = 0.88 x 10~19], A123 = —0.16x 10-19J and A12l = 0.03 x 10~19J.
By inserting these values and T = 2.5nm into equation (21) we may calculate the

3-2

Downloaded from http://royalsocietypublishing.org/rspa/article-pdf/331/1584/19/60127/rspa.1972.0162.pdf?casa_token=F GEqOkSDZJMAAAAA:pEN8JHI701ispsa_Dzpof
by University of Alberta user
on 11 December 2025



36 J. N. Israelachvili and D. Tabor

way in which the jump distance should vary with separation. The calculated curve
is shown in figure 6, together with the experimental results. It is seen that, in agree-
ment with the predictions of Langbein (1969, 1971) and Ninham & Parsegian
(1970), the effective Hamaker constant for separations greater than 50 nm tends
towards the bulk value of mica and for separations less than 25nm towards the
value for stearic acid.

This completes our comparison of experimental results with theory: in general
the agreement is very good. Before concluding the paper with a general discussion
we include a short digression on the role of surface forces in adhesion and surface
energy.

Van der Waalsforces, adhesion and surface energy

The results already described show that the Hamaker constant for stearic acid
monolayers is about 75 % of that of mica surfaces covered with their customary
adsorbed monolayer of water. Nevertheless, if the surfaces are brought into
molecular contact it is observed that the force required to separate the monolayers
is far less than that required to separate two mica surfaces. Further if we integrate
the van der Waals forces using the deduced Hamaker constant, we may calculate
the work done to separate two surfaces from an initial separation of, say, 0.2 nm to
infinity. This provides a measure of the surface energy of the material. For the
monolayers this gives a value of about 30mJmr2 This is a reasonable value. For
the clean mica (covered only with an adsorbed water film) the value is 40mJm-2.
This is wrong. We know from direct measurements of the work of separation
(Bailey & Kay 1967) that the correct value for the surface energy of mica in air is
nearer 300mJm-2. We must conclude that with mica, since the normal van der
Waals behaviour is observed down to a separation of 2nm, there must be strong
short range forces which come into operation at separations appreciably than
2nm. These dominate the adhesion and surface energy. By contrast with the fatty
acid monolayers only van der Waals attractive forces are involved down to atomic
separations.

4, Discussion

In order to calculate theoretical values for the Hamaker constants A and B
the dielectric behaviour of the interacting media must be known preferably over
the whole spectral range but particularly in the absorption regions. As this in-
formation is rarely available interpolation procedures are often used in the com-
putations. Alternatively, and as we have done here, one may adopt models which
suitably represent the dielectric behaviour ofthe media. Thus for a dielectric which
shows one strong absorption peak at a frequency wOwe may express its dielectric
constant as

const.
40 =% oo+ iAwear’ (23)
const.
so that €)= 1% oy o AwE (24)
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Measurement of van der Waals dispersion forces 37

which is real, so that substitution into equation (5) allows for easy integration.
Equations (20) and (22) are derivable in this way.

Were a dielectric with such a simple dispersion formula to exist its dispersion
force would be very easy to calculate accurately, being non-retarded at separa-
tions D below AQ2wand retarded above. Many dielectrics do indeed exhibit this
type of behaviour over certain frequency ranges, muscovite mica being a case
in point having strong absorption in the u.v. around 100nm. For this reason it is
possible to make fairly accurate estimates of the force constants A and B solving
equations (20) and (7) in terms of one characteristic absorption frequency and the
refractive index.

Mica has also sharp absorption peaks in the i.r. at 10000 and 21000nm (Vedder
1964) which also contribute to the dispersion force. This contribution, though small
in the region where the forces were measured, is non-retarded for 10000nm/2tr,
and retarded for D > 20000nm/27u Thus above 50 nm where we have found the
dispersion forces of mica to be retarded the i.r. contribution is still non-retarded.
As the distance of separation further increases we may therefore expect the i.r.
contribution to assume predominance over the u.v. until eventually the dispersion
force becomes once again non-retarded. This, however, ignores temperature effects
which also assume importance at larger separations.

Finally, it should be remembered that the experimental results quoted here are
for crossed cylinders of muscovite mica separated in air, and that in view ofthe above
remarks it would be unwise to generalize them to other materials. This is particu-
larly true of the transition region which is highly dependent on the absorption
spectrum, on the intervening material (in this case - air), as well as on the geometry
of the bodies. Nevertheless, the results show clearly that within certain limitations
inherent in the theory the van der Waals dispersion forces of mica surfaces as
observed are in good agreement with theory for both non-retarded and retarded
forces. Further, they provide for the first time a direct and detailed experimental
analysis of the transition between these two modes of interaction.

We thank Dr P. G.Fox for many helpful discussions and to the Ministry of
Technology (now Procurement Executive, Ministry of Defence) for a research grant
to one ofus (J.N.I.).
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