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Tip-sample interaction force mediated by water molecules for AFM in water:
Three-dimensional reference interaction site model theory
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Force curves and force maps of atomic force microscopy measurements for hypothetical nanostrucutres in
aqueous environment have been simulated using the three-dimensional reference interaction site model (3D-
RISM) theory. Various unexpected features of water mediated force are found including the directions of forces
opposite to those in vacuum with local charges on both the tip and the sample. From those features and the
density distributions of water around the peripheral of nanostructures obtained by the 3D-RISM theory, a close
correlation has been found between the free energy of the system and the intactness of water density distribu-
tions around the tip and the sample surface. Moreover, it is shown that the 3D-RISM theory is much more
precise for AFM simulations in water than the RISM theory from the fact that some of the important features

cannot be described by the RISM theory.
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I. INTRODUCTION

Since its invention' the ability of atomic force microscopy
(AFM) has been widely recognized and its application field
has been extended remarkably. In AFM measurements in
vacuum, it is not very difficult nowadays to obtain atomi-
cally resolved AFM images for inorganic crystal surfaces.
Sugimoto and Oyabu have reported topographic noncontact
AFM (NC-AFM) images of artificial atomic pattern of em-
bedded Sn adatoms on a Ge(111)-c(2 X 8) surface.>* This
surface was made by manipulating single Sn atoms by the tip
of AFM. Loppacher et al. have reported atomic resolution in
topographic NC-AFM images of NaCl(001) and Cu(111).°
However, the total force of the tip due to the sample is de-
termined by complicated interplay of interactions, say, van
der Waals interaction, electrostatic interaction, quantum me-
chanical orbital hybridization, atomic scale deformation both
the sample and the tip side and so on. Therefore, it is not
necessarily easy to understand what the measured quantity,
from which the images is formed, represents.

For the above reasons, many theoretical simulations of
AFM using models of a tip and a sample in vacuum have
been performed so far. The mechanism to obtain the mea-
sured quantities and the underlying physics have been suc-
cessfully explained in literatures.®'# Sasaki et al. have suc-
ceeded in Visuglizinrg theoretically the thermal fluctuation of
the Si(111)-(v3 X y3)-Ag surface at room temperature, and
in reproducing the observed NC-AFM image.! We have
succeeded in theoretically reproducing experimental NC-
AFM images of 5-(4-methylthiophenyl)-10,15,20-tris(3,5-di-
t-butylphenyl)porphyrin (MSTBPP) molecules and clarified
experimental conditions for the observations.'* More accu-
rate and reliable simulations by means of density-functional
theory (DFT) have been performed to explain the contrasts
of NC-AFM images on ionic surfaces,'>?’ semiconductor
surfaces, 224 and metal surfaces.?> Moreover, the DFT simu-
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lation methods have also been able to explain the experimen-
tal results for atom identifications,”® magnetic contrasts,”’
atom manipulations,?®-3? and energy dissipations.?

Recently, because of the improvement of experimental
methods for AFM,3*35 data with atomic scale resolution can
be obtained not only in vacuum but also in water. Images
with molecular resolution of a crystal surface of polydiacety-
lene molecules in water*® and images with atomic resolution
of a cleaved (001) surface of muscovite mica in water have
been successfully recorded with NC-AFM using small oscil-
lation amplitude by Fukuma et al.’’ Precise controls of the
interaction forces between a tip and bacteriorhodopsins in
water have been demonstrated by Hoogenboom et al.’® They
have imaged a peptide loop between two transmembrane he-
lices of a bacteriorhodopsin and have deliberately bended it
with the precise controls of the forces. However, effective
theoretical methods for AFM simulation in water have not
been established so far. If the gap between the AFM experi-
ments and the theoretical simulations is filled, new fields of
AFM application will be much expanded and accelerated.

In AFM measurement in liquids, liquid molecules mediate
the force between a tip and a sample. The motions of the
liquid molecules are random and much more rapid**~*' com-
pared to the tip motion.¢-38 The rapid random motions of the
liquid molecules affect the force felt by the tip and should be
included in AFM simulations for models in liquids. For
simulations of AFM for samples in vacuum, positions of in-
dividual atoms of a tip or a sample can be calculated by the
conjugate gradient (CG) method*? and a force is obtained for
the determined atomic structure. However, the rapid random
motions of a large number of liquid molecules preclude such
a kind of simple mechanical calculations. New methods in-
corporating the effect of the rapid random motions of liquid
molecules are required.

The method where a liquid is modeled by a continuum
dielectric medium*** is conceivable. However, such a
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FIG. 1. (Color online) (a): top view of the tip structure, (b):
plane surface, and (c): pit surface.
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model cannot represent the atomic scale behavior of the lig-
uid and is not suitable for AFM simulations. Another pos-
sible methodology of AFM simulation to include the effect
of liquid molecules is the molecular dynamics (MD)
method.*>~*° The motions of individual liquid molecules are
calculated as they are in experimental environments. How-
ever, the method is unrealistic from the view point of calcu-
lation cost; the numbers of the water molecules are so large
and the speeds of individual molecules are extremely fast
compared to the motion of the tip.

To overcome this difficulty, Koga et al. used a statistical
method of liquid solutions called reference interaction site
model (RISM) theory’®> for contact mode AFM simula-
tions using an artificial model of a tip and a sample.’®=>8 The
RISM theory is a theory of liquid solutions based on the
statistical mechanics and can treat the ensemble averages of
behaviors of liquid molecules. Namely, the time scale and
the size treated by the RISM theory are appropriate for the
description of physical properties represented by AFM data.
Moreover, the RISM theory has an advantage of much lower
computational cost, which is impossible by the all-atom MD
simulations. On the other hand, it has an advantage of pro-
viding atomic scale information, which cannot be obtained
by the continuum model. In the RISM theory, density-density
correlation functions between the atoms of liquids and atoms
of a tip or a sample are obtained as functions of distances
between the atoms. These correlation functions are used to
calculate water mediated forces for AFM simulations.

The three-dimensional RISM (3D-RISM) theory>%>-64 is
more precise than the RISM theory. In the 3D-RISM theory,
density distributions of atoms of liquids around a tip and
samples are obtained as functions of three-dimensional real
space coordinates and are used to calculate water mediated
forces for AFM simulations. The RISM theory is not precise
compared with the 3D-RISM theory, because in the RISM
theory, the density distributions are only indirectly obtained
by superposing the density-density correlation functions and
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the obtained density distributions are not precise since the
density-density correlation functions are treated only as func-
tions of the distances between atoms and not the functions of
the relative three-dimensional space coordinates. The density
distributions of liquid atoms around a tip and a sample are
useful to discuss effects of the liquids on the simulated
forces.

We report in the present paper the application of the 3D-
RISM theory for the AFM simulations in aqueous environ-
ment. Force curves and force maps for hypothetical nano-
strucutres in water are simulated using the 3D-RISM theory.
Features of the force curves and the force maps are extracted
and compared with those obtained by the RISM theory. We
will find remarkable changes of the tip-sample interaction
force caused due to the water molecules, and their mecha-
nisms are clarified in the present paper. An important clue is
obtained by the density distributions of the oxygen atoms
and the hydrogen atoms in water around the peripherals of
the nanostructures. The features of the force curves and the
force maps are explained using the density distributions.

In Sec. II, the structures of the model systems, and the
potential parameters, are described as well as the simulation
methods using the RISM theory and the 3D-RISM theory. In
Sec. 111, the results of simulation for the force curves and the
force maps by the 3D-RISM theory are reported and com-
pared with those obtained by the RISM theory. The differ-
ence of the force curves between in water and in vacuum is
compared; the latter is used as a reference. Interesting phe-
nomenon we found is that the direction of forces in water can
be opposite to that in vacuum; this is particularly seen for the
tip and the surface with localized charge distribution. In Sec.
IV, to discuss the results of the simulated forces, the density
distributions of water molecules around the tip only and
those around the sample surface only are obtained by the
3D-RISM theory. The unexpected features of the forces lead-
ing to the interesting phenomena are explained based on the
relation of the free energy of the system with the overlap of
the water density distributions.

II. MODELS AND CALCULATION METHODS
A. Models

The purpose of the AFM simulations performed in this
paper is to reveal general features of the AFM measurements
in water not sticking to a specific experimental result. The
structures of the tip and the samples used in the simulations

FIG. 2. (Color online) The detailed structures
of the pit surface.
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FIG. 3. (Color online) Three types of the charging pattern 0, 1,
and 2.

are simple and somewhat hypothetical to avoid unessential
complications and to save unnecessary calculation cost.

The tip is modeled as a sixfold rotationally symmetric
monolayer made up of 19 hypothetical atoms as shown in
Fig. 1(a). The distance between two neighboring atoms is
3.811 A.

Though the tip shape is not realistic, flat geometries are
preferable to other realistic structure such as a pyramidal
structure in order to qualitatively investigate the effect of the
water molecules between the tip and the surface because the
flat tip contacts more water molecules than the other candi-
dates. Furthermore, a larger tip volume increases the direct
interaction between the tip and a surface which are not the
interactions investigated in this report. Two types of surface
structures are modeled. A plane surface is modeled as shown
in Fig. 1(b), which is made up of 203 hypothetical atoms.
More complicated structures should be investigated to clarify
the ability of the 3D-RISM theory to obtain density distribu-
tions of water. The surface with a pit (hereafter called as pit
surface) is modeled as shown in Fig. 1(c) which is made up
of 239 hypothetical atoms. The detailed structure of the pit
surface, which is constructed of three layers, is shown in
Fig. 2. The distances between two neighboring layers are
3.811 A. The distances between two neighboring atoms,
which are in the same layer are also 3.811 A.

Density distribution of water molecules around the
boundary of the sample surface is expected to depend
strongly on electric charging states of individual atoms of the
surface because of the significant polarization of water mol-
ecule. We introduce three types of charging pattern, 0, 1, and
2 for both the tip and the sample surface as shown in Fig. 3.
The structures forming the three charging patterns are made
of three types of hypothetical atoms, namely, positively
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charged atom, negatively charged atom and neutral atom.
The electric charges of the positively charged and the nega-
tively charged atoms are 0.8 and —0.8 times the elementary
charge, respectively. All atoms of charging pattern O are neu-
tral atoms. Charging pattern 1 is constructed of 8 positively
charged atoms, 8 negatively charged atoms and remaining
neutral atoms. Individual atom charges of charging pattern 2
are just opposite in sign to those of charging pattern 1.

For later convenience, the following naming rules are
adopted to describe the charging patterns and structures. “T”
and “S” represent the tip and the sample surface, respec-
tively. “0,” “1.” or “2” following T or S represents the charg-
ing pattern of the tip or the sample surface, respectively.
“_plane” or “_pit” following “S0,” “S1,” or “S2” represents
the structure of the sample surface. For example “T0S2_pit”
means the tip with charging pattern O and the surface with a
pit (called pit surface hereafter) with charging pattern 2.
“SO_pit” means the pit surface with charging pattern 0.

B. Potentials

We use the similar potential model as the theoretical
simulation by Koga et al.’*>® TIPS site-site interaction po-
tential by Jorgensen® is used for the interaction between two
water molecules Vv, wy Namely, the interaction between two
water molecules W, and W is calculated as the sum of elec-
trostatic interactions and Lennard-Jones interactions for all
pairs of two atoms of W, and Wj as follows:

T2 s

in Wy in WB(
Tap Tab Tab

VWAWB = E 2
a b

qaqbez IM Cab)

(¢* =332 kecal A/mol), (1)

where r,, is the distance between atom a and b. The quanti-
ties g, and g, are the electric charges of atoms a and b,
respectively. For the case of water molecule, by the unit of
the elementary electric charge —0.8 and 0.4 are assigned for
the oxygen atom and the hydrogen atom, respectively. The
parameters A,, and C,;, depend on the combination of the
atoms as shown in Table I. The numerical value of Aqy is
different from the value by Jogensen which is 0. The intro-
duction of small nonzero value for Agy is to avoid overlap of
the opposite site charges which causes the divergence of the
RISM calculation. The value of Agy is the same as the one
used by the Pettitt et al.% for the same reason.

The potential for the tip-sample interaction Vg, that for
the tip-water interaction Vg, and that for the surface-water
interaction Vg, are calculated respectively as the sum of
Lennard-Jones interaction energies and electrostatic interac-
tion energies as follows:

TABLE I. Lennard-Jones parameters of TIPS water. O and H of subscripts represent oxygen and hydro-
gen atoms, respectively. The unit of A, and C,;, are kcal A'?/mol and kcal A®/mol, respectively.

Aoo Aon Ayn

Coo Con Chu

58000 225.180 0.0

525.000 0.0 0.0
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TABLE II. Lennard-Jones potential parameters and electric charges for interactions Vzg, Vy, and Vgy,.

Neutral atom Positive atom

Negative atom

Hydrogen atom Oxygen atom

€(eV) 0.00578 0.00578
ai(A) 3.395 3.395
q; 0 +0.8

0.00578 0.001 0.005151
3.395 0.001 3.215
-0.8 +0.4 -0.8

in Ain B T 12 ol 6 qu€2
Vap= E 2 4e,, ( “ ) —(_a) +
a b Tab Tab Tab

( €2 =332 kecal A/mol, )

: (2)
AB=TS, TW or SW

Here €,, and o, are determined by combining rules €,
=ve,€, and o,,=(0,+0,)/2 where € and o; are assigned for
each atom i. Parameters ¢;, o; and ¢; for the three types of
atoms constructing the tips and the surfaces and the hydro-
gen and the oxygen atom of water are listed in Table II.

The direct force between a tip and a surface in the z di-
rection is calculated by differentiating the direct interaction
between the tip and the surface, Vg with respect to a tip
height. The water mediated force is calculated by the RISM
theory or the 3D-RISM theory as explained in the next sub-
section. The direct force and the water mediated force are
calculated individually and summed up to obtain the total
force between the tip and the surface in water.

C. RISM and 3D-RISM theories for AFM simulations

The essence of the RISM theory can be expressed by the
following simultaneous matrix equations, i.e., the site-site
Ornstein-Zernike (SSOZ) equation, Eq. (3), and the hyper-
netted chain (HNC) equation, Eq. (4):

are the («, y) matrix elements of N X N symmetrical matrices
where r is the distance between two atoms « and y and N is
the sum of the numbers of the in-equivalent atoms constitut-
ing both the solute molecular species and the solvent mo-
lecular species; /1,,(r) and c,,(r) are the total and direct
correlation functions between two atoms a and y. w,,(r) is
the correlation function between the two atoms « and 7y be-
longing to the same molecule. ¢,,(r) is the direct interaction
between two atoms « and vy in vacuum. The quantity p,,, is
the (@, @) matrix element of a NXN diagonal matrix and
means number density of the atom «. The symbol * means a
convolution integral with respect to r.

The combined system of a tip and a surface in water is
treated as a single solute molecule in an infinitely dilute lig-
uid solution by the RISM theory. By substituting O for p,,, for
the atoms of the tip and the surface, Egs. (3) and (4) can be
transformed into the following equations:

hoy(r) = 2 [w o) 5 cp(r) 5wy (1)
=1
(1) % (r) = p Ry ()], 5)

cxg(r) =exp[- ,8(1)55(1’) + tzg(r)] -1- txg(r)

. [ty (r) = hyi(r) = con(n)], (6)
hao(r) = WEEI [Wau (1) # €, (1) % w0 (7) Ny vy
) D) * P, () (1) = 24 2 D (7)) ()
) = Xpl= Blr) + 1y f)] = 1 =1 1) W) el el 0] ()
[t(F) = T (F) = ()], 4) cay(r) = expl— By (r) + 10y (] =1 =15 (r)
Here, 8=1/ksT with the Boltzmann constant k, and the tem-
perature T. The functions Ay, (r), Wey(r), u(r) and ¢(r) MG MOENSMEOIR (8)
TABLE III. Data sampling on logarithmic radial coordinate.
RISM RISM 3D-RISM

solvent-solvent Egs. (5) and (6)

solvent-solute Egs. (7) and (8)

solvent-solvent Egs. (5) and (6)

Upper range 1.123%x10° A
Lower range

N sampling 768

2445% 1074 A

8.680x 103 A
3.162X 1073 A
512
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FIG. 4. (Color online) The purple line indicates the scan line for
the simulation of force-distance curve. For the simulation of x-z
plane force map, forces are calculated in the yellow colored area to
form a force map. The calculated force map is replicated in the blue
colored area to obtain its mirror image.

where V and U represent the solvent and the solute, respec-
tively. Ny and Ny, are the numbers of the atoms constituting
the solvent molecular species and the solute molecular spe-
cies, respectively. The radial total correlation functions of the
pure solvent, hVV(r) obtained first by Egs. (5) and (6) are
substituted in Eq (7). Then hUV(r) for solute atom « and
solvent atom v is obtained by Eqs (7) and (8).

The major part of the 3D-RISM theory for an infinitely
dilute liquid solution can be expressed by the following si-
multaneous equations,® i.e., the Ornstein-Zernike (OZ)
equation, Eq. (9), and the Kovalenko-Hirata (KH)
equation,%>%* Eq. (10):

Wey.o) =

UV —
dy " (x,,2) =

0% _
1, (x,y,2) =

Here, like the RISM theory, the radial total correlation func-
tions of the pure solvent, h (r) obtained first by Eqs (5)
and (6) are substituted in Eq (9) The functions h Vix,y,2),
gv(x,y,z) and (;Sav(x,y,z) are the ath elements of 1 XNy,
row vectors, depending on the x, y, and z coordinates of atom
@ in the three-dimensional real space. p) is the number
density of the water molecules of pure water and the same
constant value at all positions in the simulation cell. The
three-dimensional correlation function, hZV(x,y,z), corre-
sponds to the density of atom « at position (x,y,z) by the
relation po[Y"(x,y,z)+1] where p, is the density of pure
water. Equations (9) and (10) are solved iterative scheme
starting from 27"(x,y,z)=0 at all positions which are the
same value for the pure water. For numerical calculations of
Egs. (5)-(8), numerical data are sampled at evenly spaced
points in a range of logarithmic radial coordinates. The

- By (x,y.2) + 15" (x,y.2),
hV(x,y.,2) = ¢V (x,y.2)
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FIG. 5. (Color online) Force curves corresponding to the direct
interactions between the tip and the surface in vacuum. Group A
interact by the Lennard-Jones (L-J) potentials, group B interact by
the L-J and repulsive electrostatic potentials and group C interact by
the L-J and attractive electrostatic potentials.

Ny
hUV(x v,2) = 2 [V (x,p,2) = w), (r)
v=1

+ ¢,V (x,y,2) % py hyy ()], )

exp[d} (x,y.2)] = 117" (x,y.2) for d)"(x,y.2) =0
dy(x,.2) = 15" (x,y.2)

for dﬁ,]V(x,y,z) >0’

(10)

ranges and the numbers of the sampling for our calculations
are shown in Table III.

For numerical calculations of Egs. (9) and (10), numerical
data are sampled at grid points in a volume. For our calcu-
lations, the lengths of the volume in the x, y, and z directions
are 54, 54, and 80 A, respectively, and the grid spacing is
0.25 A. The volume is sufficiently large to contain the entire
system of the tip and the sample. The periodic boundary
condition and the cutoff radius of 37.5 A are used to calcu-
late the electrostatic potentials at the grid points. For
Lennard-Jones potentials, neither a cutoff radius nor the pe-
riodic boundary condition is used. Namely, the electrostatic
part of the potential field is calculated by summing up the
potential energies between solvent atom « and the atoms of
the tip and surface in the simulation cell and periodic copied
tips and surfaces in 26 neighboring cells in the condition that
the distance between the atom « and a tip atom or a surface
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atom is less than 37.5 A. The Lennard-Jones part of the
potential field is calculated by summing up the potential en-
ergies between the atom « and the tip and surface atoms only
in the simulation cell without any distance conditions.

In the RISM theory, the free energy for tip height H, Ey,
is calculated from the radial correlation functions, hU;,/(r H)
and c¥ (r H), obtained by solving the equations, (5)—(8) for
the t1p helght of H as follows:

Ny Ny

Ey= 22 47Tp kBTf drr[thV( H)hUV(r H)

1
Uvy... —Luve | uve ..
—cV(r:H) - zhay(r,H)cm/(r,H)} (11)

Here the free energy means the relative value of the free
energy of the system consisting of a tip and a sample surface
in water compared to the sum of the free energy of the sys-
tem consisting of the tip and the sample surface in vacuum
and the total energy of the bulk water.

Similarly, in the 3D-RISM theory, the free energy of an
entire system for tip height H, Ey, is calculated from the
three-dimensional correlation functions, h Y(x,y,z;H) and

Uv(x v,z;H), obtained by solving the equatlons Egs. (5),
(6) (9), and (10) for tip height H as follows:

Ey= py;/kBTJ f f dxdydz{—[hwx y,z:H)?
><U[— h¥(x,y,2:H)] = ¢ (x,y,2:H)

1
- thv(x,y,z;H)Clij(x,y,z;H)} , (12)

where U(x) is the Heaviside unit step function defined as
follows:

PHYSICAL REVIEW B 82, 035414 (2010)

{0, x<<0
Ulx) =

. 13
1, x=0 (13)

The solvent-mediated force for tip height H is obtained by
differentiating the free energy with respect to the tip height
as follows:

EH+AH — EH

Fp=—
" AH

(14)

The temperature of the entire system and the number den-
sity of the water molecules are set at 300 K and 0.0334 A3,
respectively.

D. Scan line and scan area

Force-distance curves along the z axis and force maps in
the x-z plane as shown in Fig. 4 are obtained by the numeri-
cal calculations mentioned above. For the calculations of the
force-distance curve, forces are obtained in the distance
range from 2.0 A to 15.0 A at 0.25 A intervals. For the
simulation of x-z plane force map, the scan area is chosen as
a 16.0X3.5 A2 rectangle whose shorter side lies from 2.5 A
to 6.0 A of the z axis. The pixel size is chosen as 0.5
X 0.25 A2 Due to the symmetry of the tip and the surfaces,
mirror images of calculated force maps can be duplicated as
shown in Fig. 4. Images shown in Sec. III include the mirror
images.

III. RESULTS
A. Force curves

At first, as a reference, force curves due to only the direct
interactions Vg [Eq. (3)] between the tip and the sample
surface, namely the interaction in vacuum without water
molecules are shown in Fig. 5. Three kinds of force curves
are obtained. Here, for later convenience, combinations of
the tip and the surface charging patterns are classified into
the following three groups based on the types of the calcu-
lated force curves. The first group, group A, is made up of
the combinations of T0SO, TOS1, T0S2, T1S0, and T2SO.
The second group, group B, is made up of the combinations

—4— T0SO —e— T1S2

(a)
400 4 8.0
} —+— T0S0 —=—T1S2 2
30.0 ‘rv,,.A\ —8— T0S1 ——T250 |- 6.0 )
; \ —a— T0S2 —— T281 .0 1
200 1 \ ——T180 — T282 | ’ ‘
— ‘ ey ——T181 — 20
= ‘ _ > 2
< 100 - \\\\ <
® Lo 2™ [ S @ 00 +f
o . , nJ
S 00 — 5
w r.'«n L 20 +—

0.0
/// 40
-20.0 f\ =

—a— T0S1 T2S0 |
—a— T0S2 —— T2S1
—— T1S0 T2S2

FIG. 6. (Color online) Force
curves in water (a) and (b) do not
include the direct interactions and
were obtained by the 3D-RISM
and the RISM theories,
respectively.
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FIG. 7. (Color online) The magnified image of the force curves
in water of group A obtained by the 3D-RISM theory. The forces do
not include the direct interactions.
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of T1S1 and T2S2. The third group, group C, is made up of
the combinations of T1S2 and T2S1. Considering the poten-
tial parameters for the direct interactions, it is obvious that
the force curves in the same group are exactly the same as
each other. The force curve of group A reflects only the
Lennard-Jones potentials. The force curve of group B reveals
a strong repulsive force region by the effect of the electro-
static interactions, while the force curve of group C shows a
strong attractive region.

The force curves in water obtained by the 3D-RISM
theory and those obtained by the RISM theory are shown in
Figs. 6(a) and 6(b), respectively. Force curves represent only
the contribution to the force by the water molecules. Namely,
the direct interactions between the tips and the sample sur-
faces shown in Fig. 5 are not included in the force curves.
Figure 7 is magnified force curves of group A obtained by
the 3D-RISM theory. Oscillations of force with the tip height
can be seen on both the force curves by the 3D-RISM theory
and the RISM theory.
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The origin of the force oscillation is the oscillatory fea-
tures of the density distribution of water molecules near the
interface known from various experiments.®’” The oscillatory
features of the water density represent the time average of
water molecules moving much faster than the tip. Namely,
the features are not disturbed by the motion of the tip and
depend only on the position of the tip. The period of the
oscillation 3.0 A calculated in this work is somewhat longer
than the actually observed period of 2.526+0.482 A.%7 It is
not difficult to reproduce the experimental period by tuning
the potential parameter, but we did not perform such tuning
because our purpose is to deduce essential features of the
water mediated forces.

For the case using the 3D-RISM theory [Figs. 6(a) and 7],
the force curves in the same charging pattern group, i.e.,
within either group A, B, or C, have different features from
each other unlike the force curves of the direct interaction in
vacuum (Fig. 5); the periods and the phases of the force
curve oscillation are different from each other. For example,
the period for TOS1 is 1.5 A while those for TOSO and T0S2
are 3 A as shown in Fig. 7. The phase for TOSO is shifted
from that for TOS2 by 1.5 A, i.e., half the period. Like in
vacuum, the force curves for the charging patterns of group
B are shifted to the opposite direction to those in the group
C. Interestingly, however, the direction of the shift in water
are reversed compared with that in vacuum. Namely, the
force curves of group B (C) shift to the repulsive (attractive)
side in vacuum, but shift to the attractive (repulsive) side by
the water effect, as is seen in the calculated results of Fig.
6(a) by the 3D-RISM theory.

For the case using the RISM theory [Fig. 6(b)], the dif-
ferences among the force curves in the same charging pattern
groups are not as large as those using the 3D-RISM theory.
Unlike the 3D-RISM theory, the periods and the phases of
the nine force curves are almost the same as each other.
Absolute values of forces by the RISM theory are smaller
than those by the 3D-RISM theory.

Water density distributions at the gap between a tip and a
surface govern the free energies and the forces. The devia-
tion of the water density distribution from the bulk is large
and considerably far reaching beyond Inm as can be seen in
Figs. 13 and 14.

(b)

—+—T0S0 —e—T1S2
—a— T0S1 T2S0

——T0S2 —— T2S1

——T180 T2S2

FIG. 8. (Color online) Force
curves in water (a) and (b) were
obtained by the 3D-RISM theory
and the RISM theory, respectively.
The direct interactions between
the tips and the surfaces are in-
cluded in the force curves.
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FIG. 9. (Color online) Maps of water medi-
ated forces on the plane surfaces obtained by the
3D-RISM theory (left) and the RISM theory
(right) in the yellow colored and the blue colored
areas in the x-z plane shown in Fig. 4 using the
tip of charging pattern O.

99900900,

-475nN I | 9.10nN -0.50nN ] 2.00nN

As will be also discussed in Sec. III B, the density distri-
bution of the water molecules near the surface is more ad-
equately described by the 3D-RISM theory than the RISM
theory. This is because, in the RISM theory, the local density
distribution near the surface tends to be averaged out with
that in the bulk. This is the reason why the forces obtained
by the RISM theory Fig. 6(b) are smaller than the ones ob-
tained by the 3D-RISM theory Fig. 6(a), and its range is
much shorter than the one by the 3D-RISM theory.

The total force curves which are obtained by simply
summed up the force curves Figs. 5 and 6 are shown in Figs.
8(a) and 8(b) for the 3D-RISM theory and the RISM theory,
respectively. The calculation by the 3D-RISM theory indi-
cates the water mediated force is of long range, and the re-
pulsive potential of the group B in vacuum is changed to be
attractive, and the attractive potential of the group C in
vacuum is changed to be repulsive.

Although the absolute values of the forces by water mol-
ecules are calculated to be larger than the direct interactions
based on the 3D-RISM theory, it is not essential because the
absolute values of the direct interactions depends on the tip
model and will be larger if a more realistic larger tip is used.

B. Force maps

The force maps of the six surfaces, SO_plane, S1_plane,
S2_plane, SO_pit, S1_pit, and S2_pit with the tip TO of the

 —
1999090000.

charging pattern 0 in water are obtained by the 3D-RISM
theory and the RISM theory. They are shown in the left and
right columns of Fig. 9, respectively. The force maps are
constructed only by the water mediated forces and do not
include the direct interactions between the tip and the sur-
faces.

Differences in charging patterns are strongly reflected on
the three force maps of the plane surfaces obtained by the
3D-RISM theory. In the force maps of S1_plane and
S2_plane, characteristic patterns showing local stronger re-
pulsive force regions are seen above the charged atoms,
while only a uniformly repeated pattern is seen in the force
map of SO_plane. The three force maps of the pit surfaces,
SO_pit, S1_pit, and S2_pit, obtained by the 3D-RISM theory
do not show noticeable difference each other. Namely, simi-
lar shaped patterns of stronger repulsive force region, con-
sisted of isolated bright (repulsive) island and weaker gap
region to the remaining bright belt, are seen above the pit.

There is no significant difference among the three force
maps of the plane surfaces obtained by the RISM theory,
unlike those obtained by the 3D-RISM theory. Similar uni-
formly repeated patterns are seen in all the three force maps.
For the force maps of the pit surfaces, there is no significant
difference among the three; similar shaped repulsive force
regions are seen above the pit. This is the same feature as the
force maps obtained by the 3D-RISM theory, but the pattern

S0_pit (3D-RISM

-15.0 -10.0 5.0 0.0 50 10.0 15.0

£
o

FAN)
N
o

o
o

1D .o e DI

1_pit (3D-RISM

S1_pit (3D-RISM)
X(A
NZSW

VD o oo DI

2_pit (3D-RISM

$2_pit (3D-RISM)
x(A
£ W@
N2 N2

)\)J -340nN [ 2.05nN JJ

S0_pit (RISM

OO)JJ 050N B 200N PN

1_pit (RISM

S$1_pit (RISM)
xtA
stw

DD oo w200 DI

$2_pit (RISM)
x(A;

w

DI oomm 2um DI

035414-8

FIG. 10. (Color online) Maps of water medi-
ated forces on the pit surfaces obtained by the
3D-RISM theory (left) and the RISM theory
(right) in the yellow colored and the blue colored
areas in the x-z plane shown in Fig. 4 using the
tip of charging pattern 0.
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FIG. 11. (Color online) Maps of direct forces
(left) and their combinations with the water me-
diated forces obtained by the 3D-RISM theory
(right) in the yellow colored and the blue colored
areas in the x-z plane shown in Fig. 4 using the

N25 N 25 —

tip of TO.

above the pit becomes less bright compared with the distant
region from the pit.

Force maps for the two surfaces without the charge,
S0_plane and SO_pit, and the tip without the charge, TO, are
calculated by the 3D-RISM theory, and are shown for the
case in vacuum and in water, respectively, in Fig. 11. Unlike
the force maps in water, there is no repulsive force region
above the pit in the force maps of the direct interactions in
vacuum. Microscopic structures of the surfaces are reflected
on the force maps from much more distant regions from the
surfaces in the water mediated forces than the case of the
direct forces in vacuum. This can be clearly seen in water
mediated force maps in the right column of Fig. 11.

IV. DISCUSSIONS
A. Distributions of oxygen and hydrogen atoms of water

For the analyses and physical interpretation of the main
features of the force curves and the force maps presented in
the previous section, density distributions of the oxygen and
the hydrogen atoms of water molecules in the three-
dimensional real space around the tip and sample surface are
obtained by the 3D-RISM theory. Density distributions for
the three surfaces with the respective charging patterns are
calculated and are shown in the vertical cross sections in-
cluding the red lines in Fig. 12. Density distributions around
the plane surfaces, the tips and the pit surfaces are shown in
Figs. 13-15, respectively.

The densities of the atoms are represented by the differ-
ence values from the mean densities of the atoms in the bulk
water. The difference values are normalized with respect to
the mean densities. Namely, the difference values of —1.0,
0.0, and 1.0 correspond to the zero density, the mean densi-
ties and twice the mean densities, respectively. The density

FIG. 12. (Color online) Red lines in (a), (b), and (c) are the
cross-sections, X=0 A, to obtain density distributions of water for
charging patterns 0, 1, and 2, respectively.

DD s s DI

distributions are colored based on the difference values. For
the map of the oxygen (hydrogen) atom, the regions with the
difference values more than 0.0, namely, the regions with
higher densities than the mean density, are colored blue
(red). The regions with the difference values less than 0.0,
namely, the regions with lower densities than the mean den-
sity are colored gray.

In the density distributions above the SO_plane [Figs.
13(a) and 13(b)], layered structures with the interlayer spac-
ing of 3.0 A parallel to the surface are seen. The layered
structures consist of patterns repeated uniformly along the y
axis with the same period as that of the surface structure.
Similar layered structures are seen in the regions of Y
=-20 A to =10 A and Y=10 A to 20 A above S1_plane
[F1gs 13(c) and 13(d)] and in the regions ¥=-20 A to
—7 Aand Y=7 A to20 A above S2_plane [Figs. 13(e) and
13(f)]. In the regions above the charged atoms of S1_plane,

Y=-10 A to 10 A, a pattern consisting of two types of lay—
ered structure are seen. The first type of layered structure is
seen in the regions of Y=3 A to 10 A and Y=-10 A to
-3 A. And the second type is seen in the region of Y
=-3 A to 3 A. The interlayer spacing for the both type is
3 A. The layers of the first type are shifted from those of the
second type by half the interlayer spacing, 1.5 A, along the
z axis. In the regions above the charged atoms of S2_plane,

Y=-7 A to 7 A, a layered structure is formed. The inter-
layer spacing of the layered structure is 3 A and the layers
are shifted from the layers in the other region by half the
interlayer spacing, 1.5 A, along the z axis. For all the cases,
the contrasts of the density distribution of oxygen and hydro-
gen atoms in water show a larger variation nearer to the
surfaces.

The features of the density distributions of water mol-
ecules around the three isolated tips from the surface, TO, T1,
and T2 are similar to those above the three plane surfaces,
SO_plane, S1_plane and S2_plane, respectively, as shown in
Fig. 14.

The features of the density distributions of water mol-
ecules just above the third layers of the three pit surfaces,
SO_pit, S1_pit, and S2_pit, are similar to those just above the
three plane surfaces, SO_plane, S1_plane, and S2_plane, re-
spectively, as shown in Fig. 15. Around the entrances of the
pits, the features of the density distributions of the three sur-
faces are similar to each other; they follow the peripheral
shape of the pit wall.

B. Force curves and density distributions of water

The periods, the phases and the amplitudes of the force
curve oscillations obtained by the 3D-RISM theory [Figs.
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FIG. 13. (Color online) Distributions of the oxygen and the hydrogen atoms of water on the plane surface isolated in water. The surfaces
and the elements of the water atom of 6 distributions are (a): SO_plane-O, (b): SO_plane-H, (c): S1_plane-O, (d): S1_plane-H, (e):
S2_plane-O, and (f): S2_plane-H. Bright colored atoms are centered on the planes shown as the red lines in Fig. 12. Dark colored atoms are
separated from the plane by half the distance between two adjacent atoms.

6(a) and 6(c)] are related to the patterns of the layered struc-
tures of density distribution of water molecules around the
tips and the surfaces [Figs. 13 and 14]. The force oscillation
periods of 3.0 A for TOSO and TOS2 are the same as the
interlayer spacing of the layered structure of water above
SO0_plane and that above the charged atoms of S2_plane. The
period of 1.5 A for TOS1 (Fig. 6) corresponds to the fact that
the two types of layered structure existing above the charged
atoms of S1_plane [Figs. 13(c) and 13(d)], which have the
same interlayer spacing of 3 A, are shifted by 1.5 A from
each other. The shift of the peak distance of 1.5 A between
the force oscillation for TOSO and that for TOS2 (Fig. 6)
corresponds to the shift between the layered structure above
SO_plane and that above the charged atom region of
S2_plane as seen in Figs. 13(a) and 13(c). As a general fea-
ture of the force curve, we find that the nearer the tip to the
surfaces, the larger the amplitudes of the oscillation of force
curves. This corresponds to the fact that the contrasts of wa-
ter density oscillation are larger nearer to the surfaces.

For further understanding of the relations between the wa-
ter mediated forces and the density distributions of water,
relative free energies using the 3D-RISM theory are plotted
with respect to the tip heights in Fig. 16. Here, the relative

free energy at tip height H means the free energy at the tip
height H, Ey calculated by Eq. (12), relative to the free en-
ergy when the tip is infinitely far from the surface, E... The
direct interactions between the tips and the surfaces, Vg, are
not included in the free energies.

At the tip heights of 11.5 and 10.0 A, the relative free
energy of TOSO takes a local minimum and a local maxi-
mum, respectively [Fig. 16(b)]. Density distributions of the
oxygen and the hydrogen atoms of water around TOSO at the
tip height of 11.5 A are shown in Figs. 17(a) and 17(b) and
those at the tip height of 10.0 A are shown in Figs. 17(c) and
17(d). In Figs. 17(a) and 17(b), a water layer is formed about
5.5-6.0 A above the surface, namely, 6.0-5.5 A below the
tip. The layer is flat and spread from ¥Y=-20-20 A. In Figs.
17(c) and 17(d), although a similar water layer is formed
about 5.5-6.0 A above the surface region distant from the
tip, the layer disappears below the tip, namely, in the region
of Y=—6-6 A and 4.5-4.0 A below the tip. As shown in
Figs. 13(a) and 13(b), a water layer is formed about
5.5-6.0 A above the isolated SO_plane in water. As shown
in Figs. 14(a) and 14(b), a water layer is formed about
6.0-5.5 A below the isolated TO in water, but no layer is
formed about 4.5-4.0 A below the tip. Namely, the relative
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FIG. 14. (Color online) Distributions of the oxygen and the hydrogen atoms of water around the tip isolated in water. The charging
patterns of the tip and the elements of the water atom of 6 distributions are (a): T0-O, (b): TO-H, (c): T1-O, (d): T1-H, (e): T2-O, and (f):
T2-H. Bright colored atoms are centered on the planes shown as the red lines in Fig. 12. Dark colored atoms are separated from the plane

by half the distance between two adjacent atoms.

free energy takes a local minimum and a local maximum
when the overlapping of the water density distribution
around the tip alone and that around the surface alone inter-
feres positively or negatively, respectively. From the above,
it is generally concluded that there is a negative correlation
between the relative free energy and the constructive inter-
ference of water density distributions around the tip and the
surface.

As explained in Sec. IV A, the force curves for the groups
B and C in water are shifted oppositely to those in vacuum.
Namely, the force curves for groups B and C shift to the
attractive and the repulsive directions, respectively [Figs.
6(a) and 6(b)], while they are shifted to the repulsive and the
attractive side, respectively, in vacuum (Fig. 5). This feature
can also be explained by the negative correlation between the
relative free energy and the constructive interference of wa-
ter density distributions around the tip alone and the surface
alone. For example, as shown in Fig. 16(a), the relative free
energies of T1S1 and T1S2 are shifted to the negative and
the positive regions, respectively. The oxygen atom density
above the isolated S1 shown in Fig. 13(c) is less than the
mean density and coincides with that under the isolated T1
shown in Fig. 14(c). On the other hand, the oxygen atom
density above the isolated S2 shown in Fig. 13(e) shows

strongly accumulated regions, which are remarkably differ-
ent from those under the isolated T1.

From the above discussions, it has been clarified that the
water density distributions localized between a tip and a sur-
face dominate the free energy and the force. Generally, lo-
calized water density distributions are more precisely re-
flected in the calculation by the 3D-RISM theory using the
three dimensional coordinate than the RISM theory only us-
ing the radial coordinate averaging over the orientation. This
understanding is consistent with the fact that the forces ob-
tained by the 3D-RISM theory are larger and reach to farer
region than the ones obtained by the RISM theory as shown
in Fig. 6.

C. Force maps and density distributions of water

As explained in sub, the significant differences are seen in
the force maps (Fig. 9) for the three plane surfaces,
SO_plane, S1_plane and S2_plane obtained by the 3D-RISM,
unlike those obtained by the RISM theory. The appearance of
the differences is consistent with the remarkably different
density distributions of water molecules above the three
plane surfaces, as shown in Fig. 13. The different distribu-
tions of the water molecules above the three charging pattern
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FIG. 15. (Color online) Distributions of the oxygen and the hydrogen atoms of water on the pit surface isolated in water. The charging
patterns of the pit surface and the elements of the water atom of 6 distributions are (a): SO-O, (b): SO-H, (¢): S1-O, (d): S1-H, (e): S2-O, and
(f): S2-H. Bright colored atoms are centered on the planes shown as the red lines in Fig. 12. Dark colored atoms are separated from the plane
by half the distance between two adjacent atoms.
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FIG. 17. (Color online) Density distributions of the oxygen and the hydrogen atoms of water around TOSO for the tip heights of 11.5 and

10.0 A. The tip heights and the elements of the water atom of the fo
and (d): 10.0 A-H. Bright colored atoms are centered on the planes
the plane by half the distance between two adjacent atoms.

cannot be reproduced and impossible to be reflected in the
force maps by the RISM theory, because the total correlation
functions, A(r), and the direct correlation functions, ¢(r), ob-
tained within the approximation of the RISM theory depend
only on the distances between atoms.

As explained in Sec. IV B, localized repulsive force re-
gions are seen just above the pits for three pit surfaces (Fig.
10). In the force map of SO_pit (3D-RISM), the localized
repulsive force region appears between the tip heights of
3.25-5.0 A along the line X=0.0. The reason of the appear-
ance of such localized repulsive region is explained as fol-
lows. This pattern indicates that the free energy takes a local
minimum and a local maximum at the tip heights of
5.0-3.25 A, respectively, when it goes down along the ver-
tical line through the point X=0.0 (center of the figure). Den-
sity distributions of water at the two tip heights are shown in
Fig. 18. For the tip height of 5.0 A, a water layer is formed
in the region between two atoms @ and @ of Fig. 18(a). In
the corresponding regions around the isolated TO [Figs. 14(a)
and 14(b)] and the isolated SO_pit [Figs. 15(a) and 15(b)],
large densities of water molecules are seen. Namely, a posi-
tive overlap of the two large water densities appears for the
whole tip-surface system, which results in a local minimum
for the tip heights of 5.0 A. On the other hand, the overlap is
destructive leading to a local maximum of the free energy at
the tip height of 3.25 A; the water layer completely disap-
pears as show in Figs. 18(c) and 18(d). This explains a strong
repulsive spot at the tip heights from 3.5-5.0 A above the
pit center. Because the features of the water density distribu-
tions around the pit entrances of the two other pit surfaces,
S1_pit and S2_pit, are similar to SO_pit as explained in
Sec. IV A, the similar repulsive force regions are also seen
for S1_pit and S2_pit.

ur density distributions are (a): 11.5 A-O, (b): 11.5 A-H, (c): 10.0 A-O,
shown as the red lines in Fig. 12. Dark colored atoms are separated from

As discussed so far, the water mediated forces strongly
depend on the constructive or destructive interference of the
overlap of the water density distributions around isolated
systems of tip and surface. As seen in Fig. 11, structures of
the surfaces can be detected by the tip force in water from
much farther regions than the case in vacuum. This is be-
cause the atomic structures of the surfaces are reflected in the
density distributions of water molecules, shown in Figs. 13
and 15, farther above the surfaces than the largest distances
where the atomic structure are reflected in the direct forces.

V. SUMMARY

In this paper, the force curves and the force maps of AFM
measurements in water have been theoretically simulated for
systems consisting of hypothetical structures of the tip and
the surfaces made up of hypothetical atoms using the 3D-
RISM theory. The density distributions of water molecules
around the tip alone and the surfaces alone in water have
been also obtained for the reference using the 3D-RISM
theory.

We have reached a general conclusion that there is a nega-
tive correlation between the relative free energy of the sys-
tem in water and the constructive overlapping of the density
distribution of water molecules around the isolated tip and
the isolated surface. From this conclusion, specific behaviors
of the force oscillation which is felt by a tip on a sample
surface is correlated with the detailed shape and interlayer
spacing of the oscillatory structures of the density distribu-
tion of water molecules around the isolated tip and the sur-
face. An interesting phenomenon found in the present work
is that the direction of the water mediated forces for a
charged tip on a charged surface is opposite to the directions
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FIG. 18. (Color online) Distributions of the oxygen and the hydrogen atoms of water around TOSO_pit for the tip heights of 5.0 and
3.25 A. The tip heights and the elements of the water atom are (a): 5.0 A-O, (b): 5.0 A-H, (c): 3.25 A-O, and (d): 3.25 A-H. Bright
colored atoms are centered on the planes shown as the red lines in Fig. 12. Dark colored atoms are separated from the plane by half the

distance between two adjacent atoms.

of the direct forces in vacuum. The features of the force
maps in the nanostructured surface in water, as well as the
effect of the local charging have been clarified and discussed
in relation to the density distribution pattern of water mol-
ecules.

We also demonstrated the 3D-RISM theory is much more
accurate for AFM simulations in water than the RISM theory.
Some of the features of the force curves and the force maps

obtained by the 3D-RISM theory cannot be seen in the simu-
lation results by the RISM theory.
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