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balanced by repulsive forces, as found in liquid phase sin-
Van der Waals dispersive forces produce attractive interactions tered Si3N4 (2–4) and thick film resistor materials (5) . It

between bodies, playing an important role in many material sys- is obviously of interest to be able to quantify these interac-
tems influencing colloidal and emulsion stability, wetting behavior, tions in order to understand how to manipulate relevant ma-
and intergranular forces in glass–ceramic systems. It is of techno-

terial properties. The Hamaker constant is a convenientlogical importance to accurately quantify these interactions, conve-
quantity with which to represent these interactions. For theniently represented by the Hamaker constant, A . To set the current
vast number of systems composed of particles suspendedlevel of accuracy for determining A , they were calculated from
in aqueous media, there have been only a few attempts toLifshitz theory using full spectral data for muscovite mica, Al2O3,
experimentally quantify these interactions, perhaps largelySiO2, Si3N4, and rutile TiO2, separated by vacuum or water. These

were compared to Hamaker constants calculated from physical due to experimental difficulty in obtaining accurate data. At
properties using the Tabor–Winterton approximation, a single present, there are several techniques in use for the quantifi-
oscillator model, a multiple oscillator model, and A’s calculated cation of these phenomena.
using force vs separation data from surface force apparatus and In this work, the Hamaker constant is viewed as a system-
atomic force microscope studies. For materials with refractive indi- specific physical constant whose value for a given system
ces between 1.4 and 1.8 separated by vacuum, all methods produce and geometry must be independent of the method of mea-
similar values, but for indices larger than 1.8 separated by vacuum,

surement. Therefore, the value of the Hamaker constant mea-and any of these materials separated by water, results span a
sured by any accurate technique will agree well with thatbroader range. The present level of accuracy for the determination
from any other accurate measurement technique. To dateof Hamaker constants, here taken to be represented by the level
there has been no comparison of the results of all the tech-of agreement between various methods, ranges from about 10%
niques currently in use for any system to determine howfor the case of SiO2/vacuum/SiO2 and TiO2/water/TiO2 to a factor

of approximately 7 for mica/water/mica. q 1996 Academic Press, Inc. well the values may agree. The purpose of this work is to
Key Words: Hamaker constant; dispersion forces; interparticle provide the first comparison of Hamaker constants deter-

forces. mined by the six different techniques in use for several mate-
rial systems and attempt to ascertain how accurately this
physical constant may be determined. In this work the con-
cept of the accuracy of a Hamaker constant will be definedINTRODUCTION
by the level of agreement between the values obtained from
the techniques compared. Better agreement will be taken toThe van der Waals interactions between bodies of mate-
be an indication of better accuracy. Bear in mind that norial, arising from the interaction of oscillating dipoles in
technique has been proven to be accurate to any degree. Athe interatomic bonds of each body, manifest themselves in
review of the techniques used will provide not only a discus-various aspects of behavior ranging from the determination
sion of how the measurements are done, but also of theof surface energies, and consequently wetting behavior, to
assumptions and potential measurement errors which maythe stability of colloidal suspensions and emulsions (1) . Van
influence the values obtained.der Waals forces are expected to attract ceramic particles

which are separated by a liquid glass until this attraction is
EXPERIMENTAL AND ANALYTICAL METHODS

The Hamaker constant for a system (Fig. 1) composed1 To whom correspondence should be addressed at MIT 13-4026, 77
Massachusetts Ave., Cambridge, MA 02139. of two macroscopic bodies separated by vacuum, or a molten
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461HAMAKER CONSTANTS WITH INTERVENING VACUUM OR WATER

where L is the distance between particle surfaces, r is the
wave vector normal to the interface, G is a function of the
material’s optical properties (described below), and j is the
imaginary frequency of the oscillating dipole. For particles
of material 1 separated by material 2, G(j) is given by

FIG. 1. Configuration of materials for a A123 Hamaker constant where GNR
121(j) Å 1 0 D 2

12e02ar , [4]
the intervening film is of material #2 and the two adjacent grains are of
material #1 and #3. For the simpler case of a A121 or A1v1 , the two grains

where a is the particle separation for planar surfaces andare considered to be of the same material #1 and the intervening film is of
material #2 or of vacuum (v). D12 is given by

D12 Å
e2,1 (j) 0 e2,2 (j)
e2,1 (j) 0 e2,2 (j)

. [5]material, is the force law scaling constant representing the
attractive or repulsive van der Waals interactions between
the bodies (6) . The van der Waals interaction energy results

Here e2(j) are the London dispersion spectra obtained usingfrom the electromagnetic interaction between oscillating di-
the London dispersion transform (1, 10)poles in a material’s electronic structure (1) . Knowing the

nature of the dipole–dipole interaction, one may integrate
over all dipole pairs in the two particles involved to obtain e2(j) Å 1 / 2

p *
`

0

ve2(v)
v 2 / j 2 dv, [6]

an expression for the interaction energy as a function of
interparticle separation, as originally done by Hamaker (6) ,

where v is the real frequency.to obtain
One may use the interband optical properties of a material

to determine either the complex dielectric constant ê(v̂) ,
E(h) Å 0nA

hm
, [1] where v̂ Å v / i , or interband transition strength, Ĵcv(v̂) ,

through the Kramers Kronig (KK) relations, giving

where n and m are constants dependent on the particle geom-
etry in the limit of small surface separations; A is the Ha- JO cv(v) Å \ 2v 2

8p 2 i[e1(v) / ie2(v)]* [7]
maker constant, dependent on the electronic structure of the
materials involved through the density and strength of oscil-

which is then used for the above London dispersion trans-lating dipoles present as the interatomic bonds; and h is
form.the separation. The force acting between two particles, also

referred to as the London dispersion force, is given by
Sample Preparation

In the present work, VUV spectra were measured for mus-F(h) Å 0qA

hm/1 , [2]
covite mica (11) and polycrystalline rutile TiO2. The spectra
of Al2O3 (12), SiO2 (13), and Si3N4 (4) were taken pre-
viously and will be presented below. The mica (14) samplewhere q is another constant, also dependent on geometry.
used was prepared by cleaving a portion from a crystal whichGiven data on the electronic structure and dielectric prop-
was placed on the sample pedestal of the spectrometer anderties of materials, the Hamaker constant can be calculated
loaded into the vacuum chamber within a few minutes ofby methods of varying complexity (and corresponding accu-
cleaving. The same sample was used for spectroscopic ellip-racy). The model of primary interest here is that developed
sometry (discussed below). The crystal used was approxi-by Lifshitz (7) and Dzyaloshinskii et al. (8) for the nonre-
mately 100 mm thick. The polycrystalline TiO2 rutile sampletarded case wherein the interparticle separations are small
was prepared for this study from a hot pressed pelletenough that the interactions between dipoles is considered
(à90%–95% dense) 0.5 inches in diameter. It was groundto be instantaneous. Only the case of two like materials
on both sides to obtain flat, parallel surfaces and polishedseparated by a second is considered here. (The interested
to 1/4 mm diamond finish.reader is referred to French et al. (9) for a thorough discus-

sion of this theory.) It can be shown (10) that the Hamaker
Optical Spectroscopyconstant can be given by

Normal incidence optical reflectivity spectra (Fig. 2) were
measured for the samples using both vacuum ultraviolet andA Å 03\L 2

p *
`

0

rdr *
`

0

ln G(j)dj, [3]
optical spectroscopy from 2700 to 28 nm (0.46 to 44 eV)
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462 ACKLER, FRENCH, AND CHIANG

with a resolution of 0.2 and 0.6 nm. The spectrophotometers TABLE 1
Full Spectral Hamaker Constants for Ceramics with Vacuum,were a VUV instrument (15) using a laser plasma light

Water, and SiO2 A121 (zJ)source (16) and a Perkin–Elmer Lambda 9 NIR/VIS/UV
instrument. Once the reflectivity is measured, its value in

Mat. 2: Vacuum SiO2 Waterthe visible is compared to that calculated from the index of
Mat. 1 n Å 1.0 n Å 1.5 n Å 1.3

refraction determined using spectroscopic ellipsometry (17)
on the same sample. The long wavelength indices of refrac- Muscovite mica

n Å 1.56 69.6 0.27 2.9tion, determined by this more direct ellipsometric measure-
Al2O3ment, (17) are 1.56 for mica and 2.6 for TiO2. Inconsisten-
n Å 1.75 145 19 27.5cies in the measured value of the optical reflectivity may
SiO2

arise from a light collection error in the spectrophotometer n Å 1.5 66 — 1.6
and can be corrected by a simple multiplicative constant Si3N4

n Å 2 174 33 45to bring the measured reflectance into agreement with that
TiO2 rutileexpected from the index of refraction in the visible.
n Å 2.6 181 45 60Once the reflectivity of the sample is determined over a

wide energy range, encompassing the interband transitions Note. The index of refraction n is also given.
of the valence electrons, the KK transform (18) can be used
to calculate the reflected phase f of the light from the re-
flectance amplitude r , since they are conjugate variables. London dispersion transform (Eq. [3]) to calculate the Lon-

don dispersion spectrum e2(j) , a physical property of theWe have
material. After the London dispersion spectra e2(j) are cal-
culated, they are accumulated in a spectral database (24)

f(v) Å 0 2v
p

P *
`

0

ln r(v*)
v* 2 0 v 2 dv *, [8] from which any combinations of them can be used to calculate

the Hamaker constants of interest. Values of the Hamaker
constants for any configuration can be determined using Eq.where R̂ Å R / if is the definition of the complex re-
[3] by evaluating the integrals of the functions G (Eq. [4])

flectance, and r Å
√

R , and v is the frequency. The KK
which are simple differences of the London dispersion spectra

transform arises from the KK dispersion relations which are
(Eq. [5]). Hamaker constants for the current cases of musco-

direct results of the physical principle of causality. Since the
vite mica, Al2O3, SiO2, Si3N4, and TiO2 separated by vacuum,

KK dispersion relation is formally correct only when the
water, or SiO2 are tabulated in Table 1.

values of one variable of a conjugate pair are known at all
frequencies from v Å 0 to ` , we approximate the infinite

RESULTSfrequency range by adding analytical extensions, or wings,
to the reflectance data to extrapolate these down to 0 eV on

Muscovite Mica
the low-energy (low-frequency) side and typically up to
1000 eV on the high-energy (high-frequency) side. We use The VUV reflectivity of the muscovite mica sample is
a fast Fourier transform (FFT) based program (19) running shown in Fig. 2. There are noticeable features at energies
under GRAMS/386 (20) to perform the KK transform inte- of 10, 12, 16, and 20 eV. Earlier measurements of the VUV
grals to speed the analysis and increase its accuracy. reflectivity from 6 to 13 eV show similar features at energies

Once the real and imaginary parts of one of the optical of 9.9 and 11.8 eV (25) which agree with features seen in
properties are determined, calculation of any other optical the present spectrum. From the interband transition strengths
properties such as the dielectric constant and the interband for mica (2) , calculated from the reflectivity, a bulk energy
transition strength (12) [Jcv Å (\ 2v 2 /8p 2) i(e1(v) / loss function can be calculated (Fig. 2) which can be com-
ie2(v))*] (Fig. 3) is straightforward using simple algebraic pared with other experimental energy loss spectra. Measured
expressions (21). EELS spectra of mica from 0 to approximately 50 eV (26)

show features at about 7, 13, 16, 21, 23, and 28 eV, in
Full Spectral Hamaker Constants agreement with those observed using VUV spectroscopy.

From the reflectivity, the interband transition strengths andTo calculate the Hamaker constant (22) using the full
London dispersion spectra for mica have been calculatedspectral method (9) it is necessary to perform another Kram-
and are shown in Figs. 3a and 4a, respectively.ers Kronig-based integral transform so as to produce the

London dispersion spectrum of the interband transitions for Polycrystalline TiO2 Rutile
the two grains and the intervening material. Following Lif-
shitz (7) , Dzyaloshinskii et al. (8) , Ninham and Parsegian Previously presented data on VUV reflectivity for TiO2

rutile suffered from uncertainties due to a small sample(23), and Hough and White (10), we proceed to use the
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463HAMAKER CONSTANTS WITH INTERVENING VACUUM OR WATER

FIG. 3. Interband transitions of (a) mica, (b) Al2O3, (c) SiO2, (d)
Si3N4, (e) TiO2, and (f ) water.

previously (12, 13, 4) . The results are presented in Figs.
3b–3d and 4b–4d, respectively.

METHODS FOR DETERMINING
HAMAKER CONSTANTS

Measured Force Laws

The determination of the attractive interaction between
macroscopic bodies has been of interest for some time. The
first attempts at measuring it began in the 1950s using SiO2

FIG. 2. VUV reflectance of muscovite mica and bulk energy loss func- plates or an SiO2 sphere and plate suspended from elaborate
tion. springs or delicate balance beams. Flat plate experiments

were performed with separations between 500–2000 nm
which may have introduced errors from poor light collection
(9) . The larger sample used in this study eliminated sample
size effects. The VUV reflectivity and London dispersion
spectra for this polycrystalline TiO2 rutile are shown in Figs.
2e and 3e, respectively. Features in the reflectivity at 3.5, 8,
13, and 21 eV correspond to those seen in spectra from
single crystals (9) .

Water

The interband transition strengths for water as a function
of frequency were calculated from tabulated data (27) on
the index of refraction, n , and extinction coefficient, k , over
the regions 600–250 nm (28) and 400–220 nm (29) (ab-
sorption spectroscopy) and 300–105 nm (30) and 163–48.5
nm (31) (reflectance spectroscopy). The interband transition
strengths and London dispersion spectrum for water are
shown in Figs. 3f and 4f, respectively.

Other Systems

The interband transition strengths and London dispersion FIG. 4. London dispersion spectra of (a) mica, (b) Al2O3, (c) SiO2,
(d) Si3N4, (e) TiO2, and (f ) water.spectra for Al2O3, SiO2, and Si3N4 have been determined

AID JCIS 4085 / 6g0f$$$743 04-02-96 01:27:38 coida AP: Colloid



464 ACKLER, FRENCH, AND CHIANG

(32) and 500–950 nm (33). Measurements between a surface potential, they arrived at a mica/water/mica Hamaker
constant of 22 zJ.sphere and plate were made for separations of 100–700 nm

The forces between the surfaces of sapphire crystals in(34, 35) and 94–500 nm (33). The intersurface separations
aqueous 1003 M NaCl solutions from pH 6.7–11 were mea-used in these experiments are beyond the range over which
sured by Horn et al. (39) using the surface force apparatus.nonretarded van der Waals interactions dominate, usually
Thin sapphire crystals (surface normal [0001]) were gluedof order 10 nm (6). These experiments were apparently
to cylinders of mica (as used for studies of forces betweenconstrained to larger separations due to the difficulty of ob-
mica surfaces) and measurements were performed as de-taining molecularly smooth surfaces to achieve intersurface
scribed above. The measurements were made over separa-distances small enough to observe nonretarded van der
tions of 8–40 nm. DLVO theory, using theoretical valuesWaals interactions (1–10 nm), as well as difficulties in me-
for the surface potential, was used to fit the measured forcechanically controlling the separation at such close spacings.
vs separation data giving a Hamaker constant for the Al2O3/The values obtained are therefore for retarded interactions
water/Al2O3 system of 67 zJ. Ducker et al. (40) performedor in a transition regime between the two. The measurement
similar SFA measurements between sapphire surfaces inof nonretarded Hamaker constants required substantial im-
NaBr solutions for concentrations of 1003 , 1002 , and 1001provements in sample smoothness and control of separations,
M for pH 3 and 6.7. They used the Hamaker constant calcu-obtained only with more sophisticated devices.
lated by Horn et al. (39) for Al2O3/water/Al2O3 to calculate

Surface force apparatus. The first intersurface force
DLVO forces. The observation of interest in this study was

measurement at separations of order 1–10 nm was con-
the presence of long range, i.e., ú15 nm, attractive forces

ducted by Tabor and Winterton (36) using crossed cylindri-
at pH 3 that decayed exponentially with separation. This and

cal surfaces of cleaved mica, separated by air, using a piezo-
similar observations will be discussed later.

electric crystal to precisely control the separation. The mo-
lecularly smooth surface of cleaved mica and the precision

Atomic Force Microscopyof piezoelectric translation eliminated the previous impedi-
ments to extremely close surface approach. The cylindrical The atomic force microscope (AFM) is a relatively new
shape of the mica was obtained by gluing thin mica crystals device that has recently been used by numerous investigators
to glass cylinders. One surface was fixed, while the other to measure force vs separation between various materials
was suspended from a cantilever spring, the stiffness of separated by vacuum or liquids (41–44). Ducker et al. glued
which could be varied. On approach, when the gradient in a SiO2 colloid particle to the tip of an AFM and measured
the attractive intersurface force exceeded the stiffness of the interaction in aqueous solutions between the particle and
the spring the surfaces would jump together. As the spring a 30-nm film of SiO2 on a silicon wafer (41). Since their
stiffness was varied, the separation at which the instability study was primarily concerned with measuring DLVO
occurred was measured by optical interferometry. The criti- forces, they did not report a measured value for the Hamaker
cal separation vs spring stiffness was then used to calculate constant, but rather used a value reported elsewhere (45) to
the intersurface force as a function of separation. By fitting fit their data. Larson et al. glued a TiO2 colloid particle to
their data to a form of Eq. [2] appropriate to the geometry, the tip of an AFM and measured the force between it and a
they arrived at a nonretarded Hamaker constant for mica/ single crystal of TiO2 in aqueous solutions (42). The inter-
air /mica of 100 zJ (zJ, zepto J Å 10021 J) . esting aspect of this study is that the isoelectric point of the

The above mechanism was adapted to measure the surface TiO2 particles was determined from electrophoretic mobil-
forces between crossed mica cylinders in aqueous solutions ities to be at pH 5.6. Force vs separation measurements
by Israelachvili and Adams (37) and will hereafter be referred conducted at this pH, wherein appreciable electrostatic repul-
to as the surface force apparatus (SFA). The forces between sion is not present, showed only attractive interactions up
mica surfaces were measured from 1 to 100 nm in aqueous to about 10 nm where the tip jumped into contact with the
KNO3 solutions (1004–1001 M) at pH 6. The forces were surface. A Hamaker constant of 60 { 20 zJ was found to
measured by suddenly reversing the voltage of the piezoelec- fit the experimental data. Biggs and Mulvaney also glued a
tric crystal supporting one of the mica surfaces, thereby mov- SiO2 colloid to an AFM tip, but then coated it with 0.6 mm
ing it by a known amount, and measuring the actual distance of gold and measured the interactions between the ‘‘gold’’
between the surfaces interferometrically. Knowing the differ- particle and a gold surface (43) in water. For this system a
ence between these distances and the stiffness of the cantilever Hamaker constant of 250 zJ was determined.
spring, the force (attractive or repulsive) between the surfaces Ducker and Clarke (46) studied the interaction between
could be calculated. As these measurements were conducted a film of Si3N4 on a silicon wafer and a Si3N4 AFM tip
in aqueous electrolyte solutions, surface charge effects influ- separated by aqueous solutions at pH 6 for separations from
enced the surface forces. By fitting their force vs separation 7 to 30 nm. The nitride film and tip were amorphous and

deposited by low-pressure CVD, and are not necessarily ofdata with DLVO (38) theory, using reasonable values for the

AID JCIS 4085 / 6g0f$$$743 04-02-96 01:27:38 coida AP: Colloid



465HAMAKER CONSTANTS WITH INTERVENING VACUUM OR WATER

TABLE 2
Vacuum Hamaker Constants for Ceramics—A1v1 (Vacuum) (zJ)

Force measurement Physical property measurement
Method
Tech.: Surface force Atomic force Tabor winterton Single oscillator Simple spectral Full spectral

Material apparatus microscope approx. approx. method method

Mica 135 (36) — 100 (1) 84 (48) 100 (10) 69.6
100 (33) 84.8

Al2O3 — — 140 (1) 113 (48) 150 (49) 145.1 (9)
137 (9)

SiO2 50–60 — 63 (1) 64 (48) 65 (10) 66 (9)
(55) 56 (9) 65 (49)

Si3N4 — — 218 147 (48) 180 (49) 174
TiO2 — — 430 (1) 199 (48) — 173.1 (9)
Rutile 401 (9)

the same composition. The tip was square pyramidal with a Physical Property-Based Calculations
rounded end of radius of order 100 nm. A monotonic attrac-

Tabor–Winterton Approachtive interaction was found over these separations. Their data
can be fit to a cubic equation In the theory for calculating the Hamaker constant devel-

oped by Lifshitz and others described earlier, the dielectric
properties of the materials involved must be known for allF(h) É 10034N /m3

h 3 , [9]
frequencies. This technique also involves some rather cum-
bersome calculations. Hence, in the absence of appropriatewhere h is the separation. The h03 behavior is appropriate
spectral data, a simplified approach is very appealing. Fromto the interaction between to planar surfaces, rather than that
the Lifshitz theory, Tabor and Winterton (36) derived afor a sphere/plane interaction which seems more similar to
simplified means of calculating the Hamaker constant. Firstthe actual geometry. The pressure, P(h) , between planar
they ignored the contribution from vibrations in the infraredsurfaces is given by P(h) Å A /6ph 3 Å F(h) /a , where F(h)
and estimated the absorption in the UV by using the opticalis the force and a the area of the surface. Assuming the
dielectric constant. Then, assuming the absorption occursAFM tip is flat rather than rounded, and has a contact diame-
within a narrow frequency range, i.e., a single oscillator,ter from 500 to 1000 nm, this expression gives values for
they arrived at the Tabor–Winterton approximation (TWA),the Si3N4/water/Si3N4 Hamaker constant ranging from ap-
which for like bodies is given by (47)proximately 80 to 20 zJ. These estimates are completely

dependent on assumptions about the AFM tip geometry.
These studies clearly indicate that this instrument provides ATWA

121 Å 3p\ne

8
√
2

(n 2
vis0,1 0 n 2

vis0,2 ) 2

(n 2
vis0,1 / n 2

vis0,2 ) 3/2 , [10]
a new means of quantitatively measuring Hamaker constants
for a diverse set of material systems.

The values of A from these measured force law approaches where \ is Planck’s constant and ne is the plasma frequency
of about 3 1 1015 Hz. Recalling that n Å e 2 , it is apparent(SFA and AFM) are tabulated in Table 2 for A1v1 and Table

3 for A1w1 . that the TWA enables one to calculate a Hamaker constant

TABLE 3
Aqueous Hamaker Constants for Ceramics—A1w1 (Aqueous) (zJ)

Force measurement Physical property measurement
Method
Tech.: Surface force Atomic force Tabor winterton Single oscillator Simple spectral Full spectral

Material apparatus microscope approx. approx. method method

Mica 22 (37) — 14 7.7 (48) 19.8 (47) 2.9
Al2O3 67 (39) — 42 21 (48) 52 (49) 27.5
SiO2 — — 3.2 2.0 (48) 8.4 (49) 1.6

É80–20
Si3N4 — (46) 100 45 (48) 70 (49) 46
TiO2 rutile — 60 { 20 (42) 260 94 (48) 64 (56) 60
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466 ACKLER, FRENCH, AND CHIANG

given only physical properties such as the refractive index
n 2(v) 0 1 Å (n 2(v) 0 1)

v 2

v 2
UV

/ CUV. [14]or dielectric constant of the materials of interest.

Single Oscillator Hence, with relatively little data one can calculate approxi-
mations to Hamaker constants using a little more informationThe single oscillator model (48) is another approximation
on the material’s electronic structure than the TWA, but stilltechnique analogous to the TWA. In the derivation of the
substantially less than required for the full spectral method.TWA, the electronic structure of a material was modeled as

Bergström et al. (49) used this technique to estimate Ha-a single oscillator. The oscillator frequency was assumed to
maker constants for several ceramic materials separated bybe constant and possess the same value for all materials.
vacuum (air) , water, n-dodecane, and SiO2 at 2000 K. TheyHowever, the energy of such an oscillator is expected to
calculated their Ci oscillator parameters from optical datavary with the bandgap of a material, being larger for materi-
obtained using spectroscopic ellipsometry in the energyals with higher bandgaps. In addition, the index of refraction
range 1.5–4.4 eV, or from optical data in the literature,of a material will decrease with increasing bandgap. Thus,
and the Cauchy plot for the UV terms. The IR terms werematerials with large indices of refraction will have lower
calculated from the relation CIR Å e(0) 0 CUV 0 1. For theoscillator frequencies or energies. This will lead to erron-
ceramic materials Bergström et al. used one IR and one UVeously large Hamaker constants in the TWA for large index
term. For water they used one microwave, five IR, and onematerials. The single oscillator model allows the oscillator
UV term based on published data. These parameters werefrequency to vary with bandgap. The Hamaker constant is
used to calculate the Hamaker constant with Eqs. [11] andgiven for this model as
[12]. This method is essentially that of Hough and White;
however, they have used measured optical properties to ob-

A121 Å
312(n 2

1 0 n 2
2) 2zJ

[(n 2
1 0 1)1/2 / (n 2

2 0 n 2
1) 1/2 ] (n 2

1 / n 2
2) 3/2 . [11] tain their oscillator parameters. It is a substantial improve-

ment over the TWA, but again misses a lot of information
considered in the full spectral method. The values obtained

Simple Spectral Method for A with these approximations based on physical properties
are tabulated in Table 2 for A1v1 and Table 3 for A1w1 .Again beginning with the Lifshitz theory, Hough and

White (10) arrived at a method of determining Hamaker
constants that does not require full spectral data but rather DISCUSSION
looks at a material as a set of oscillators. We will refer to
this approach as the simple spectral method (SSM). Essen- Vacuum Interlayer
tially these oscillators correspond to absorptions in the mate-

From the results in Table 2 it is apparent that there isrial at certain frequencies of given strengths which can be
reasonable agreement for A1v1 for materials with relativelydetermined from physical properties such as absorption spec-
low refractive index (note: nSi3N4

É 2, nTiO2
É 2.6) betweentra, refractive index, or dielectric constant. In this case a

values from force measurements and those determined frommodel London dispersion spectra can be synthesized from
physical properties approximations. This suggests that whenthe relation
a second material is not interfering with the electromagnetic
exchange between the two bodies, modeling the dielectric
properties as simple oscillators seems to adequately predicte( ij) Å 1 / ∑

N

iÅ1

Ci

1 / (j /vi )2 , [12]
the magnitude of the interaction. We should not expect this
to be the case for covalently bonded materials or those with

where Ci Å (2/p)( fi /vi ) and fi is the strength of the oscilla- partially filled d orbitals, however, because the detailed dis-
tor at frequency vi . After various simplifying assumptions tribution of interatomic bond frequencies (or transition ener-
and approximations in the calculation of the integrals in Eqs. gies) appears to play a more important role in the develop-
[3] – [5] , Hough and White (10) arrive at the expression ment of the dispersion force.

Aqueous Interlayer
ASSM

121 Å
3kT

2
∑
`

nÅ0

* ∑
`

sÅ1

(D12) 2s

s 3 , [13]
The data in Table 3 show that the values of A1w1 (w,

water) for any one material cover a wider range than those
for A1v1 . The values from physical measurements and thewhere Dij are the same as in Eq. [5] , but j is replaced with

jn Å n(2pkT /\) . The Ci can be calculated from the refrac- TWA and SSMs differ by about 50%, and both are greater
than the FS values by about a factor of two or three, withtive index in the visible from a Cauchy plot (see Hough and

White (10)) which gives, say for a UV oscillator, the exception of TiO2. For TiO2, the AFM, SSM, and FS
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467HAMAKER CONSTANTS WITH INTERVENING VACUUM OR WATER

values are all in very good agreement. Among the theoretical undergo rearrangement on first approach. A study of inter-
methods, the values from the TWA and SSM are larger than surface forces at very small separations noted the observation
the FS results by a factor of about two at best, and several of forces attributed to structure in the liquid medium, con-
times larger for the case of the TiO2 TWA value. This indi- cluding it may not be trivial to sort them out from the overall
cates that intervening materials can have a dramatic effect force vs separation curves (50, 51).
on the dispersion interaction depending on how the interfer- Pashley et al. measured forces between uncharged, hy-
ence in the electromagnetic exchange between adjacent bod- drophobic surfaces created by coating mica surfaces with a
ies is modeled. Additionally, all of the theoretical methods monolayer of surfactant (52). They reported the observation
give values lower than those obtained from measured force of long-range attractive forces, acting up to 8 nm, supposedly
laws for all materials but TiO2 (excluding TWA). due to a surface-induced water structure with an exponential

The accuracy of the measured Hamaker constants is, of dependence on separation. The magnitude of this interaction
course, predicated on the notion that all forces acting be- was observed to be larger than that due to van der Waals
tween surfaces in aqueous (or other) media are understood. forces by one to two orders of magnitude and apparently
It has long been understood that a number of forces act dependent on the degree of hydrophobicity of the surfaces.
between two like surfaces immersed in aqueous solutions. Their conclusion was that there does not appear to be any
The van der Waals interaction provides a primary attraction universal hydrophobic force, but rather one that depends on
which is countered by repulsions by electrostatic interactions the individual nature of the surfaces involved. Israelachvili
due to surface charges or steric interactions between ad- et al. reported observations of forces between mica and hy-
sorbed surfactant molecules. For the case of pure water or drocarbon-coated mica in hydrocarbon liquids (53). The
electrolyte solutions considered in the studies referenced hydrophobic attraction was expected to be due to an entropic
here, electrostatic (or DLVO) forces are the only repulsions preference of the anisotropic liquid molecules for the bulk
considered to be present. For solutions of high electrolyte liquid over the supposedly ordered region near the surfaces.
concentration, the electrostatic double layer is collapsed, re- The Hamaker constant between the hydrocarbon-coated sur-
stricting the influence of DLVO repulsion to very small sepa- faces in a hydrocarbon liquid was expected to be very small,
rations. This extends the range over which van der Waals which would facilitate observation of the additional attrac-
attractive force may be measured. When longer range DLVO tive forces. For both surfaces, an attractive force much
forces are present, they superimpose upon the van der Waals

greater than that expected for just van der Waals forces was
interaction over much of its effective range and must be

observed over 1 to 3 nm. The researchers did not believe
explicitly taken into account. This requires accurate data on

this attraction was due to long-range ordering of the liquid
the surface potential or surface charge density (the determi-

molecules. The depth of the attractive minimum was alsonant parameters in DLVO theory), which are frequently not
observed to depend on the time the surfaces were in closeknown experimentally. Theoretical values for the surface
proximity, indicating a relatively slow molecular orderingpotential or surface charge density, as used for the study of
mechanism may be responsible. The researchers concludeintersurface forces between sapphire crystals (39), are
that such entropic attractions may result whenever a surfaceclearly limited by the accuracy of the assumptions or approx-
induces ordering in the liquid.imations used in their calculation. Consequently, possible

Additional long-range attractive forces have also beenerrors in the estimate of DLVO forces will be passed on to
measured between sapphire crystals in aqueous NaBr solu-determination of the Hamaker constant. When calculating
tions (40). These were referred to as hydrophobic forces andsuch forces, data are generally fitted by varying the parame-
were observed at separationsú15 nm, with an exponentiallyters involved in the balance of forces between surfaces, with
decaying distance dependence. The authors also reported anone or more assumed to have some value, and the values
exponential repulsive force for small separations. A brieffor the others that fit best are accepted. This approach as-
review (54) of these ‘‘additional’’ forces pointed out thesumes all forces are known.
extreme difficulty in sorting out what forces are actuallySeveral researchers studying intersurface forces have re-
present and separating them from each other. These variablesported the observation of what are frequently termed ‘‘addi-
are expected to depend on separation and electrolyte concen-tional’’ forces. These are forces with generally exponentially
tration to varying degrees. It appears that the behavior ofdecaying functions and do not fit in with van der Waals or
such additional forces and their origins are not well under-DLVO forces. An additional repulsive force was reported
stood at present. This introduces considerable uncertainty inbetween mica surfaces in KNO3 solutions at small separa-
the accuracy of Hamaker constants determined from experi-tions which had an exponential dependence on separation
mental measurements with intervening liquids. It is sug-(37). These researchers also reported hysteresis between the
gested that performing such intersurface force measurementsforces measured for first approach vs subsequent approaches
at varying temperatures may provide information on theseat high electrolyte concentrations. They discussed the possi-

bility of ordered water layers at the surfaces which may additional forces. Since some of these additional forces are
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postulated to be structural ( i.e., liquid structure) or entropic spread in values for this system is greater than a factor of
seven.in nature they should exhibit some temperature dependence.

The TWA produces values that tend to be comparable to
those from other techniques for materials with refractiveGeneral Comments
indices below 1.8 separated by vacuum. This model gener-

As mentioned above, the TWA performs rather poorly ally produces values larger than those produced by the other
when the materials have a high refractive index or when an techniques by a factor of two or three for materials of index
intervening film is present. This may be due in large part to larger than 1.8 separated by vacuum, and so should not be
the assumption that the behavior of a material is approxi- used with such systems. Inspecting the range of values for
mated by a single Lorentz oscillator with a constant fre- the 1v1 systems, excluding the TWA results for large index
quency. If it is to be modeled as a single oscillator, then one materials, we see 70–135 zJ for mica, 113–150 zJ for Al2O3,
should expect the frequency to have some relation to the 50–66 zJ for SiO2, 147–174 zJ for Si3N4, and 173–199 zJ
bandgap of the material. As the bandgap decreases so should for TiO2. The spread for all these systems is less than a
the energy and frequency of the oscillator. Since the bandgap factor of two. Therefore, the current level of accuracy to
tends to decrease as the index of refraction increases, it which a 1v1 Hamaker constant may be determined is consid-
seems reasonable that the constant oscillator frequency in the ered to be within a factor between 1.5 and 2.
TWA will lead to erroneously high values of the Hamaker In the aqueous systems, the TWA again appears to give
constant for materials with large refractive indices. With an results for higher index materials that are larger than those
intervening material, the individual nature of the dielectric produced by the other techniques, and so will not be used
properties of each material involved is certain to produce an with these materials. As mentioned under Discussion, the
interaction far more complicated than this simple model. addition of an intervening material to the space separating

the bodies complicates the interaction between them, re-
Analysis and Assumptions Used sulting in a broader range of Hamaker constants calculated

from physical properties. For the case of water as the in-
Hamaker constants calculated from the FS technique are tervening material, values from force vs separation data are

also subject to possible inaccuracies. The spectral data may subject to the uncertainties introduced by other forces which
contain errors; however, calculations using repeated spectra are present, again a source of inaccuracy. For the aqueous
give values within {4 zJ for 1v1 and {2 zJ for a system systems the ranges of values are 2.9–22 zJ for mica, 21–
with interlayers, which may be a measure of such errors. 67 zJ for Al2O3, 1.6–8.4 zJ for SiO2, about 30–80 zJ for
Additional inaccuracy may result from the extensions or Si3N4, and 60–94 zJ for TiO2. Excluding SiO2 and mica,
wings used to extrapolate the spectral data to 0 eV and to the spread of values is within a factor of about three. The
high energy (9). These wings may neglect some transitions SiO2 and mica values are within a factor of about seven.
in the IR or those involving core electrons, but these contri- Since there is no clear reason why mica and SiO2 should
butions are expected to be small. For a more detailed discus- produce poorer agreement than other systems, the accuracy
sion of such complications, the interested reader is encour- with which 1w1 Hamaker constants may be determined is
aged to see French et al. (9) . limited to within a factor of approximately seven.

Further work is needed to clarify the discrepancies be-
CONCLUSIONS tween values calculated using physical properties, particu-

larly for aqueous systems. Likewise, a better understanding
of the complexities of measured force vs separation data isThe intention of the present work is to establish some

sense of how accurately the Hamaker constant of a given required for these data to be meaningfully compared to the
other techniques. It is suggested that the AFM, or a modifi-material system may be determined based on a comparison

of values obtained using the currently available methods. cation thereof such as the colloid probe, with appropriate
details such as tip geometry and electrostatic forces consid-Bear in mind that no single technique has been proven to

be accurate to any degree. The notion of accuracy will be ered, may be the instrument with enough versatility to mea-
sure force laws for a wide range of materials systems. Hope-defined based on the level of agreement for Hamaker con-

stants calculated with the available techniques for a given fully, future inquiries regarding the values of Hamaker con-
stants will proceed with greater sensitivity to the complexmaterial system, better agreement implying better accuracy.

The level of agreement between the methods is system spe- subtleties influencing this physical parameter and a greater
confidence in the ability to accurately quantify it will emerge.cific. The best agreement is in the SiO2/vacuum/SiO2 system

wherein all values lie between 50–60 zJ (SFA) and 66 zJ
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