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ABSTRACT Using a hard sphere model and numerical calculations, the effect of the hydration force between a conical tip
and a flat surface in the atomic force microscope (AFM) is examined. The numerical results show that the hydration force
remains oscillatory, even down to a tip apex of a single water molecule, but its lateral extent is limited to a size of a few water
molecules. In general, the contribution of the hydration force is relatively small, but, given the small imaging force (;0.1 nN)
typically used for biological specimens, a layer of water molecules is likely to remain “bound” to the specimen surface. This
water layer, between the tip and specimen, could act as a “lubricant” to reduce lateral force, and thus could be one of the
reasons for the remarkably high resolution achieved with contact-mode AFM. To disrupt this layer, and to have a true
tip-sample contact, a probe force of several nanonewtons would be required. The numerical results also show that the
ultimate apex of the tip will determine the magnitude of the hydration force, but that the averaged hydration pressure is
independent of the radius of curvature. This latter conclusion suggests that there should be no penalty for the use of sharper
tips if hydration force is the dominant interaction between the tip and the specimen, which might be realizable under certain
conditions. Furthermore, the calculated hydration energy near the specimen surface compares well with experimentally
determined values with an atomic force microscope, providing further support to the validity of these calculations.

INTRODUCTION

One of the most attractive features of the atomic force
microscope (AFM) is the ability to image biological struc-
tures in aqueous solution (Shao et al., 1996; Hansma and
Hoh, 1994; Engel et al., 1997; Bustamante et al., 1994). In
fact, in the past several years, nanometer to subnanometer
resolution has already been achieved with both soluble
proteins (Mou et al., 1996a,b; McMaster et al., 1996; Mu¨ller
and Engel, 1997) and membrane proteins (Yang et al.,
1993a, b; Mou et al., 1995; Mu¨ller et al., 1995, 1996, 1997;
Walz et al., 1996; Schabert et al., 1995; Czajkowsky et al.,
1998) by the AFM in aqueous solutions. Despite these
experimental advances, many aspects of AFM imaging of
macromolecules are still poorly understood at present (Yang
et al., 1996; Shao et al., 1996; Engel et al., 1997), and the
ultimate limit of resolution has not yet been established
either experimentally or theoretically (Yang et al., 1996). To
have a reasonable understanding of the imaging process in
solution, the interaction between the scanning tip and the
surface of the macromolecule must be carefully considered;
this is not only complex, but is also strongly dependent on
the nature of the surfaces (Butt, 1991a,b, 1992; Shao et al.,
1996).

From the imaging point of view, long-range interactions
are probably less important, because these forces are likely
to contribute only to a slowly varying background and to
distribute over a large area on the specimen, resulting in

small local deformations, provided that they are not very
large in magnitude (Shao et al., 1996; Butt, 1991a,b; Mu¨ller
and Engel, 1997). However, at short ranges, the hydration
force (or solvation force in fluids other than water) is known
to be important (Israelachvili and Pashley, 1983; Israelach-
vili, 1991; Cleveland et al., 1995; Grimson et al., 1980a,b;
O’Shea and Welland, 1992; Gru¨newald and Helm, 1996;
Meagher, 1992; O’Shea et al., 1994). It has been shown
with two parallel plates in water that the pressure can easily
exceed 100 atmospheric pressures at a distance below 2 nm
(Israelachvili and Pashley, 1983; Israelachvili, 1991). Such
a large pressure is due to the fact that solvent molecules tend
to order themselves at the solvent-solid interface, and a
fairly large energy is required to interrupt this order (Is-
raelachvili and Pashley, 1983; Israelachvili, 1991; Grimson
et al., 1980a,b; O’Shea and Welland, 1992; O’Shea et al.,
1994; Luedtke and Landman, 1992; Bhushan et al., 1995;
Israelachvili and Wennerstro¨m, 1996; Gelb and Lynden-
Bell, 1993). Because of the finite size of the solvent mole-
cules, the hydration force also tends to oscillate at a spatial
period comparable to the size of the solvent molecule for
two rigid surfaces (Israelachvili and Pashley, 1983; Is-
raelachvili, 1991; Grimson et al., 1980a,b; O’Shea and
Welland, 1992; O’Shea et al., 1994; Luedtke and Landman,
1992; Bhushan et al., 1995; Israelachvili and Wennerstro¨m,
1996; Gelb and Lynden-Bell, 1993). A large hydration force
could have important implications for AFM imaging, be-
cause to “probe” the true surface of a macromolecule, the
probe would have to break through the hydration “shell.”
Because most hydrated biological molecules are very soft
(Urry, 1984, 1988; Barra et al., 1993; Linke et al., 1994;
Suda et al., 1995), the magnitude of the force required to
“break” the hydration shell could be critical. If the required
force is too large, the structure below the hydration “shell”
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could be deformed, resulting in a lower resolution. On the
other hand, if the probe force is too small, the probe may not
come into contact with the “true” sample surface, and the
resolution would be lower. Therefore, it is both practically
and conceptually important to have a good estimate of the
magnitude of the hydration force at different tip shapes and
sizes. Such knowledge will not only help us in the optimi-
zation of the imaging conditions, but may also be useful for
the design of the “ultimate” AFM tip for high-resolution
imaging.

Although the hydration force between flat parallel or
macroscopically curved surfaces has been extensively stud-
ied (Israelachvili and Pashley, 1983; Israelachvili, 1991;
Grimson et al., 1980a,b; Luedtke and Landman, 1992;
Bhushan et al., 1995), detailed studies in the context of an
AFM tip and a flat surface (specimen) have been rather
limited (Butt, 1991b; Cleveland et al., 1995; Gelb and
Lynden-Bell, 1993; Koga and Zeng, 1997; O’Shea and
Welland, 1992; O’Shea et al., 1994). Experimentally, the
magnitude of the hydration force could only be inferred
because of the presence of other longer range forces (Butt,
1991b), although the oscillatory behavior was recently de-
tected in the AFM (Cleveland, et al., 1995). However,
because of the lack of control over the shape of the AFM tip
in the experiments, it is difficult to establish a direct con-
nection between the hydration force and the tip geometry.
For example, it is not clear how far the hydration force
extends laterally and whether the surface beyond the very
end of the tip could contribute substantially to the hydration
force. From this point of view, a theoretical investigation of
these aspects of the hydration force can still contribute
significantly to our understanding of the imaging process in
the AFM.

In this paper, using a hard sphere model with the Orn-
stein-Zernike direct correlation function (Hansen and Mc-
Donald, 1976; Grimson et al., 1980a,b; Press et al., 1986),
we consider the hydration force between a flat specimen
surface and a conically shaped tip with a spherical apex that
is close to the real AFM tip and is not subject to the
limitations of a previous study, in which the tip was as-
sumed to be a small sphere and an approximation had to be
used to model the solvation force (Gelb and Lynden-Bell,
1993). Unlike atomic simulations in which only a very small
tip could be examined (Patrick and Lynden-Bell, 1997), a
tip size closer to that inferred from experimental results can
be accommodated with this method, although the temporal
aspect of the hydration force could not be addressed, which
has been described recently with a “single atom tip” on a
hydrophobic surface (Koga and Zeng, 1997). Based on the
numerical solutions, we show that, at low imaging forces, a
layer of water molecules is most likely to remain between
the tip and the specimen, perhaps providing the necessary
“lubrication” that could reduce the lateral friction during
scanning, and explaining, in part, how contact mode imag-
ing has achieved high resolution (Mu¨ller et al. 1995, 1996;
Engel et al., 1997; Mou et al., 1995, 1996a,b; Czajkowsky
et al., 1998; Yang et al., 1993a, b). Our results also show

that the hydration force is nearly completely dominated by
the apex. The magnitude of the hydration force increases
linearly with the radius of curvature at the apex, and for a
spherical apex, the hydration force scales nearly exactly
with the radius. Furthermore, the lateral extent of the hy-
dration force is proportional to the square root of the radius
of the apex, indicating that the hydration effect is rather
localized.

THEORY AND METHOD OF COMPUTATION

Hydration force can be described by using a hard sphere
model (Grimson et al., 1980a,b), where the solvent mole-
cules are approximated as a noncompressible solid spheres.
This commonly used treatment drastically simplifies the
model as well as the calculations. In essence, this is a
continuum model in which the density fluctuations are
calculated with the given boundary conditions (Hansen and
McDonald, 1976; Grimson et al., 1980a,b). Although this
model could not include other effects such as solubilized
ions and molecular deformations, or address dynamic as-
pects of the hydration force, which can be important at
atomic scales (Patrick and Lynden-Bell, 1997; Koga and
Zeng, 1997), the inclusion of these effects is not essential,
because the purpose of this study is only an estimation of
the hydration force.

For a small density fluctuationdr(r ), the change in ther-
modynamic potentialDV(dr(r )) can be written as

DV@dr~r !#

5
1

2br0
FEdr2~r !dr 2 r0Edr~r !c~r 2 r *!dr~r *!dr dr *G

(1)

whereb 5 (kT)21, r0 is the bulk liquid density,r(r ) is the
density distribution, anddr(r ) 5 r(r ) 2 r0. c(r ) is the
Ornstein-Zernike direct correlation function, and each of the
integrals is over the entire space. For the hard sphere model,
c(r ) can be written as (Hansen and McDonald, 1976; Grim-
son et al., 1980a)

c~r ! 5 2u~s 2 r!Fl1 1 6hl2S r

sD 1
1

2
hl1S r

sD
3G (2)

where

h 5 ps3r0/6

l1 5 ~1 1 2h!2/~1 2 h!4

l2 5 2~1 1 h/2!2/~1 2 h!4

u~s 2 r! 5 H 1 r # s
0 r . s (3)

wheres is the molecular size (diameter). Under any given
condition,dr(r ) can be found by makingDV(dr(r )) station-
ary. Following the approach of Grimson et al. (1980a,b), the
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density distribution can be written as

r~r ! 2 r0E
v

dr * r~r *!c~r 2 r *! 5 A (4)

whereA 5 s3r0[1 2 s3r0ĉ(0)], c(k̂) 5 * dr c(r )e2ikr and
ĉ(0) 5 24p[(1 1 0.25h)l1 1 4.5hl2]/3. A is a constant
depending on the experimental conditions. The integration
is over the entire liquid volume, because in the solid vol-
ume, the density distribution will not change. The hydration
force at the tip-sample distanceD can then be calculated as
(Grimson et al., 1980a,b)

f 5 2
­DV

­dD
(5)

To calculate the hydration force,DV must be calculated for
eachD value within the distance range of interest.

In the process of obtaining numerical solutions, the con-
tinuum space must be converted to a discrete lattice. For a
three-dimensional, uniformly partitioned lattice, Eq. 4 be-
comes

r~r i! 2 O
j

r0r~r i!c~r i 2 r j!t 5 A (6)

which can be rewritten in a more convenient form:

O
j

$dij 2 tr0c~r i 2 r j!%r~r j! 5 A (7)

wheret is the volume of each voxel (a constant). The above
equation can now be expressed in a matrix form:

MijXj 5 A (8)

where

HMij 5 dij 2 r0c~r i 2 r j!t
Xj 5 r~r j!

which can be solved by the standard method (Press et al.,
1986), and the problem of solving Eq. 4 now becomes a
problem of matrix inversion.

For an acceptable accuracy, the size of each voxel should
be at least smaller than the volume of the solvent molecule.
Therefore, even for a calculation of 203 20 3 20 mole-
cules, a direct calculation in three dimensions will still
require a significant amount of computer memory. How-
ever, because the AFM tip can be reasonably modeled by a
conical shape, the calculation can be simplified greatly by
taking advantage of the rotational symmetry. In this case,
the calculation becomes two dimensional, and Eq. 4 can be
written as

r~r, z! 2 r0 E
0

R

r9 dr9 E
0

Z

dz9 c~r, r9, z2 z9!r~r9, z9! 5 A

(9)

where

c~r, r9, z2 z9!

5 E
0

2p

df c~Îr2 1 r92 2 2rr 9 cos~f! 1 ~z2 z9!2! (10)

Because of the effect ofu(s 2 r) in c(r ), the integration
range off is simply [fmin, fmax], instead of [0, 2p], where

fmax 5 Ucos21S~z2 z9!2 1 r2 1 r92 2 s2

2rr 9 DU
fmin 5 2fmax (11)

It should be noted that the voxel volumet as a function of
r must be used in the calculation, if the same dimensions in
both r and z directions are used for the lattice. With this
reduction from three dimensions to two dimensions, an
effective size of 503 25 molecules can be reasonably
accommodated by a supercomputer, such as the Cray C90,
for a lattice size of 0.25s (200 3 100 lattice points). For
lattices greater than this size, the required computer memory
becomes too large to be practical for computation facilities
we have access to. Therefore, all of our calculations are
confined to a size smaller than 50s 3 25s (200 3 100
lattice points), which is equivalent to 100,000–200,000
molecules in three dimensions, depending on the geometry
of the boundaries.

To validate our computational model, we first calculated
the hydration force between two parallel surfaces, which has
been studied previously (Grimson et al., 1980a,b). The
liquid bulk density was set tos3r0 5 0.6, which is the same
as that used by Grimson et al. (1980a,b). The diameter of the
water molecule,s, for this density, is;2.6 Å, which is in
the midrange of the values used in other studies (Israelach-
vili, 1991; Cantor and Schimmel, 1980; Koga and Zeng,
1997; Cleveland et al., 1995). To ensure the conservation of
solvent molecules, the system shown in Fig. 1a was con-
sidered, where a hard disk with a radius of 10s and a
thickness of 1s is placed close to the bottom wall of a
chamber 15s 3 15s (30s in diameter) in size, filled with
water. As shown in Fig. 1b, the calculated pressure is nearly
identical for different chamber sizes (15s 3 15s, 15s 3
25s, and 25s 3 15s), indicating that the effects from the
side and the top of the chamber are negligible. Even in the
extreme case of allowing no space between the edge of the
disk and the side wall (still maintaining a constant number
of water molecules), the difference in the calculated pres-
sure is still very small. Therefore, in all following calcula-
tions, a distance of 5s is allowed between the edge of the
disk (or a tip) and the wall of the chamber in the radial
direction. These results are identical, as they should be, to
those obtained by Grimson et al. (1980a).

To improve the efficiency of the calculation, the effect of
lattice size relative to the size of the solvent molecule was
examined. As shown in Fig. 2, the density profiles for lattice
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sizes 0.1s and 0.125s are virtually identical, and even for
the case of 0.25s, the results are still reasonably close to
those of smaller lattice spacing. The slight shift of the curve

is probably related to the “rough” surface of hard spheres
due to the coarse lattice spacing. Therefore, throughout this
study, a 0.25s lattice size is used in all calculations. The
maximum error in the density profile, as estimated from
these trial calculations, is less than 20% (standard devia-
tion). The error of the calculated hydration force should be
smaller, because the hydration force is calculated by inte-
grating the density changes over the entire volume, so that
most of the error in density profiles should be averaged out.

The calculated hydration force (per nm2) for a flat disk
and a flat surface at a lattice size of 0.25s is shown in Fig.
3. The oscillatory behavior of the hydration force is identi-
cal to that obtained by Grimson et al. (1980a,b). However,
the peak value of the calculated hydration force is only 18%
of that derived from measurements of two macroscopically
curved surfaces (Israelachvili and Pashley, 1983; Israelach-
vili, 1991), but is consistent with other theoretical calcula-
tions (Henderson and Lozada-Cassou, 1986; Grimson et al,
1980a,b). This discrepancy is most likely due to the partic-
ular experimental method used to measure the hydration
force, in which an overestimate of the peak value is con-
sidered to be understood (Israelachvili, 1991). Therefore,
these test calculations show that the method we adopted is
a reasonable approximation and the computational method
used is valid. These results also provide a necessary control
for the calculation of the hydration force under the more
complex geometry of an AFM tip.

RESULTS AND DISCUSSION

The AFM tip is modeled as a conical body with a spherical
apex. The conical angle is set at 35°, which is typical for
most commercial cantilevers (Albrecht et al., 1990). Be-
cause the hydration force is a short-range interaction, the
effect of the base of the tip should be minimal (see below).
In all calculations, the upper boundary of the chamber is at
least 10s from the top of the tip. We should indicate that
this configuration, although much smaller than the physical

FIGURE 1 (a) Schematic illustration of the model system used to vali-
date the numerical method.s is the diameter of the solvent molecule. The
flat disk has a radius of 10s and a thickness of 1s. The total number of
solvent molecules is conserved in the calculation (when the disk is moved
toward the specimen, i.e., the bottom wall of the chamber). (b) The
calculated hydration pressures for three different chamber sizes.h, 15s 3
15s; 1, 25s 3 15s; E, 15s 3 25s. In these calculations, a lattice size of
0.25s was used. The results are identical, demonstrating that the effect of
the side and the top of the chamber is negligible.

FIGURE 2 Density profiles calculated for three different lattice sizes,
0.1s (5 s/10, ——), 0.125s (5 s/8, z z z z z ), 0.25s (5 s/4, – – –), for
a system 12s 3 4s in size (parallel plates). Clearly, even fors/4, the
accuracy of the calculation is still acceptable. The small deviation from the
profiles of smaller lattices is its inability to accurately describe the spher-
ical shape of the hypothetical solvent molecules. See text for more details.

FIGURE 3 The calculated hydration force per unit area for a flat disk
and a flat specimen surface at a step size of 0.25s. The well-known
oscillatory behavior is reproduced, and the quasiperiodicity of the oscilla-
tion is correlated to the size of the solvent molecule. This is identical to the
results obtained by Grimson et al. (1980a), demonstrating the validity of
the numerical approach developed here.

Ho et al. Hydration Force in AFM 1079



size of an actual AFM tip, is closer to the experimental
conditions, in which the entire cantilever is submerged in
solution. To evaluate the dependence of the hydration force
on the detailed geometry of the tip, we have considered
three similar configurations. In tip shape 1, the apex has a
radius of curvature of 15s (3.9 nm), whereas in shape 2, this
radius is reduced to 5s (1.3 nm), and in shape 3, an ideal tip
is considered, where the apex is simply a single molecule
(1s), which, although not practical, is helpful for our un-
derstanding of the trend of the hydration force when the
apex of the tip is continuously reduced. Based on experi-
mental results, the best high-resolution tips should have an
apex in the range of 1–2 nm (Mou et al., 1996a; Mu¨ller et
al., 1995), which is very close to the size of shape 2 (1.3
nm). The calculated hydration forces for these three cases
are shown in Fig. 4. It is seen that all three tips have a very
similar, oscillatory behavior, but the magnitude of the hy-
dration force varies by a factor of;27 between shape 3 and
shape 1. For the sharpest tip, the hydration force is almost
negligible, which is expected, because the conical shape of
the tip should easily allow the “trapped” water molecules to
be displaced, without an expensive energy cost. The mag-
nitude of the hydration force in this case is actually close to
that of a single atom, recently considered by Koga and Zeng
(1997). But, for more practical tips of nanometer size, the
magnitude of the hydration force is no longer very small
and, in fact, becomes measurable. This was not expected,
because even for the largest tip considered (3.9 nm), one
might think that the conical surface of the tip should still
allow water molecules to leave easily. It is also a surprise to
see the profound oscillatory behavior of the hydration force
under these conditions, because one would expect that the
oscillation should be averaged out, because the conical tip
surface crosses many water layers. Apparently, because of
the nonadditive nature of the hydration force, the conical tip
cannot be treated as many flat rings at various distances

with each being regarded as a planar surface. Interestingly,
at the tip-sample distance of just one layer of water mole-
cules, the hydration force is already in the subnanonewton
range for both shapes 1 and 2. Because a probe force of less
than 0.5 nN is often required to attain high-resolution im-
ages of biological specimens (Shao et al., 1996; Engel et al.,
1997), this result seems to suggest that at least one layer of
water molecules might remain “bound” to the sample sur-
face during imaging, which could provide a “lubricating”
effect. This is because the ordering of water molecules at the
surface is dynamic in nature, which could reduce the lateral
force imposed on the specimen by the scanning probe. This
may also partially explain why contact mode AFM imaging,
when operated at very small forces, has produced remark-
able high-resolution images of a number of biological spec-
imens (Shao et al., 1996; Engel et al., 1997). The force
required to have a true contact (atD 5 0 nm) between the
tip and the specimen appears to be too great to be practical
for biological imaging, where the deformation of the spec-
imen becomes a more serious problem. It may be noted that,
for atomic resolution imaging of hard surfaces, such as
mica, nanonewton probe forces were known to improve the
image quality (Czajkowsky, unpublished observation). Per-
haps, in this case, the last water layer is penetrated and the
true surface structure is probed by the tip. Obviously, the
surface water layer could also impose a practical resolution
limit of ;0.5 nm, which is actually quite close to the highest
resolution achieved to date with biological specimens (Cza-
jkowsky et al., 1998; Mu¨ller et al., 1995; Mou et al., 1995).

From Fig. 4, one should have noticed that the hydration
force peaks at tip-sample distances of integral multiples of
the molecular size. This suggests that the apex of the tip
should dominate the hydration force measurements. To ex-
amine this issue, we have compared the calculated hydration
force for two tips. Each has a spherical apex of 5s, but they
differ in shape: one has a 35° semiangle (shape 2), and the
other is cylindrical (Fig. 5a). As expected, the hydration
force is identical for the two tips (see Fig. 5b), demonstrat-
ing that the very end of the tip is far more important than the
detailed shape of the tip body. A comparison of the hydra-
tion force for shape 3 (Fig. 4) and that of a single atom
(Koga and Zeng, 1997) also supports this conclusion.
Therefore, as far as the hydration force is concerned, one
need only consider the very apex of the tip, which is
consistent with the short-range nature of the hydration force.
This result clearly shows that if small asperities are present
on the otherwise smooth surface of the tip, these asperities
will be the primary contributor to the hydration force.

To date, an important experimental assessment of the
hydration effect by AFM is that of Cleveland et al. (1995),
in which the hydration force between a tip and crystal
surfaces (calcite or barite) was examined by a statistical
analysis of the cantilever fluctuations. Although the hydra-
tion force could not be measured directly with this tech-
nique, the energy required to move the tip between the
hydration layers was obtained, which was on the order of
5 3 10221 J, only slightly above the thermal energy, 43

FIGURE 4 The calculated hydration force for the three AFM tip shapes
described in the text. (Inset) Details for the region some distance away
from the surface. The solid line with squares, the dotted line with crosses,
and the dashed line with circles indicate the hydration force for tip shapes
1, 2, and 3, respectively. Even for these small tips, the oscillatory behavior
is still profound, and the peak positions still correspond to the size of the
water molecule, although they are slightly shifted when compared with that
of flat surfaces. The three curves scale precisely.
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10221 J, at room temperature (Cleveland et al., 1995), with
1.5–3 Å between the peak positions. The calculated hydra-
tion force in the present study can be easily converted to that
of energy by taking an integration from infinity (see Fig. 6).
The energy difference between 1s and 1.5s for shape 2 is
;12 3 10221 J. This is within 2 times the experimental
value, which is a surprise, considering the crude model used
in this study and the lack of control of the experimental
conditions. Even though the nominal size of the tip used in
the experiment was nearly 60 nm, as indicated by the
authors (Cleveland et al., 1995), it is almost certain that the
measured hydration effect was due to a small asperity of
nanometer size on the blunt tip, because the rest of the tip
should not contribute significantly to the hydration force, as
already discussed above. Such a tip geometry was already
suggested to be responsible for high-resolution imaging by
a number of investigators (Shao et al., 1996; Yang et al.,
1996; Engel et al., 1997; Radmacher et al., 1992).

We may further define an effective tip size as the area
enclosed by a single water layer when the tip is in contact
with the sample surface. The effective tip size can be
estimated asp(2Rs 2 s2) (R is the radius of the apex of the

tip; this is the tip cross-sectional area cut by a plane from the
surface at a distance ofs). We found that the estimated
“hydration pressure” (hydration force divided by the effec-
tive tip size) on the tip is almost the same for all three tips
used in Fig. 4 (Fig. 7). This is an interesting finding,
because, as far as the hydration force is concerned, the
penalty for a very sharp tip may not be significant, i.e., the
hydration pressure does not increase. As already indicated
previously (Shao et al., 1996; Yang et al., 1996), it is the tip
pressure that must be reduced, rather than the total force. If
s ,, R, it can be approximated as 2pRs. Because the
“hydration pressure” is a constant for all tips with a spher-
ical apex, the total hydration force increases linearly with
the radius of the curvature,R, of the tip apex, because for
the same solvent,s is always the same. We should point out
that the pressure between two planar surfaces at comparable
distances is much greater than the results shown in Fig. 7,

FIGURE 5 A comparison of two tips with the same spherical apex (R 5
5s), one with a conical shape and the other with a straight cylinder (a). The
hydration force for these two tips is identical. The solid line with squares
is the hydration force for tip shape 2, used in Fig. 4 (conical body), and the
dashed line with pluses is that of the cylindrical tip. Therefore the hydration
force is completely dominated by the apex of the tip. Thus a small asperity
on a large, smooth tip surface should exhibit a hydration force as if the tip
were a long needle the size of the asperity.

FIGURE 6 The corresponding hydration energy calculated from the hydra-
tion force curves shown in Fig. 4. The solid line with squares, the dotted
line with crosses, and the dashed line with circles indicate the hydration
energies of tip shapes 1, 2, and 3, respectively. It is seen that the magnitude
for shape 2 atD 5 1s is very close to that determined by experiments
(Cleveland et al., 1995). See text for more discussion.

FIGURE 7 If an “effective contact area” is defined as the area inter-
sected by the surface at 1s from the specimen when the end of the tip is in
touch with the specimen, the “hydration pressure” is found to be the same
for all three tip shapes used in Fig. 4 (solid line with squares, dotted line
with crosses, and dashed line with circles for tip shapes 1, 2, and 3,
respectively). Therefore, a smaller tip will not increase the contact pressure
if the hydration force dominates the interaction in imaging. It is noted that
the pressure calculated here is much smaller than that of two parallel plates
of the same size.
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indicating that one cannot simply scale down the results
from planar surfaces to estimate the hydration force of other
geometrical shapes. If these results could be generalized,
perhaps one may conclude that the characteristic pressure is
determined solely by the geometric shape of the apex.
Simply increasing the dimensions in proportion will not
alter this characteristic pressure. For the spherical apex
considered in this study, one can easily establish an empir-
ical formula for the estimation of the hydration force, which
should depend on the distance between the tip and the
specimen. At 1s (one layer of water remaining), the hydra-
tion force may be estimated as

F ~nN! < 0.0823 R ~nm! R.. s (12)

Here we have assumed thatR, the radius of curvature at the
apex, is greater than the size of the water molecule. Other-
wise, a small correction will be required:

F ~nN! < 0.0823 @R ~nm! 2 s ~nm!/2# (13)

Another important issue that needs to be addressed is the
lateral extent of the hydration force on the specimen surface,
which is directly relevant to the achievable lateral resolution
for AFM imaging, when under certain conditions, the hy-
dration force is the dominating interaction. As discussed by
Grimson et al. (1980a,b), the surface pressure on a flat solid
surface at the solid-liquid interface is dependent on the
liquid molecular density distribution on the surface, and can
be evaluated by the following equation:

p 5
r~r !2 2 r~`!2

2br0
(14)

Because it appears most appropriate for imaging in solution
when the tip is about one molecular layer from the sample
surface, we have calculated the surface pressure for all three
tips used in Fig. 4 under this condition. We found that the
radius of the area that contains 50% of the total hydration
force is 1.6s, 0.9s, and 0.4s, respectively, forR5 15s, 5s,
and 1s. If we define the “lateral spread” of the hydration
force, D/s, as twice this value, it is related linearly to the
square root of the radius of curvature of the apex:D/s 5
0.82(R/s)1/2. This relationship was obtained by a least-
squares fitting of the numerical results. Therefore, the
“spread” improves slowly with the reduction of the tip size.
Nonetheless, even for the largest tip considered here,R 5
15s, the lateral range of the hydration force is still very
small, only about three water molecules (;1 nm). These
results indicate that the hydration force remains rather lo-
calized, consistent with its short interaction range.

In summary, we have shown that the simple numerical
model used to calculate the hydration force for a conical tip
in front of a nondeformable flat surface can be qualitatively
compared with the experimental results obtained with an
AFM (Cleveland et al., 1995). With this model, we show
that the hydration force remains oscillatory, even for a tip
not much greater than a single water molecule. With the
several tip geometries considered, it is established that the

hydration force is completely dominated by the apex of the
tip. A simple empirical formula is proposed for the estima-
tion of the hydration force for a given tip with a spherical
apex, and the lateral spread of the hydration force on the
specimen surface is comparable to the “effective contact
area,” which decreases with the square root of the tip radius.
The magnitude of the hydration force for a practical tip size,
;1 nm, seems to suggest that at least one layer of water
should remain largely “bound,” which may provide a “lu-
bricating” effect during imaging, a possible explanation for
the high-resolution images obtained with contact-mode
AFM. In practical terms, the hydration force imposes only a
minor effect in AFM imaging in solution, and can be largely
neglected for routine experiments. However, for most del-
icate specimens or very high-resolution imaging, its effect
may become significant. Thus very sharp asperities on a
blunt tip surface should be beneficial to the reduction of the
magnitude of the hydration force and, at the same time,
provide the necessary conditions for high-resolution imaging.
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