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The viscosity of solvation structures is crucial for the development of energy-efficient biofunctional and
electrochemical devices. Elucidating their subnanoscale distributions can cause the formation of a
sustainable energy society. Here, we visualize the site-specific three-dimensional damping distribution
on a CaCO3 surface composed of binary ion species using ultra-low-noise frequency modulation atomic
force microscopy. With the support from molecular dynamics simulation, we found a strikingly large
damping at the calcium sites, which demonstrates the capability of this methodology to visualize atomic-
scale viscosity in the hydration layers. Our finding will expedite the evolutions of various functional
devices.

DOI: 10.1103/PhysRevLett.122.116001

The peculiar nature of atomic-level hydration water
dynamics on surfaces has enabled the development of various
energy-efficient devices [1]. Particularly, the viscosity and
diffusion of water in the hydration structures assume impor-
tant roles in biofunctions [2,3] and electrochemical reactions
[4] because they dominate the stability of biomolecules and
the transport velocity of electrolytes. Therefore, characteriz-
ing their subnanoscale three-dimensional (3D) distributions is
crucial for industrial applications as well as fundamental
scientific interest.
Recently, we developed an ultra-low-noise liquid 3D

frequency-modulation atomic forcemicroscopy (FM-AFM)
technique, which has enabled the evaluation of hydration
distributions [5–8]. Furthermore, FM-AFM has an advan-
tage in separately detecting the conservative and dissipative
forces as frequency shift (Δf) and dissipative damping,
respectively [9–12]. Dissipation measurements under vac-
uum conditions have been prevalently used to evaluate the
viscoelasticities and structural stabilities of surface species
[9–12]. Meanwhile, in liquids, it has been primarily
exploited to study the hydrodynamic squeeze effect [13],
the fluid viscosity augmented near surfaces [14–17],
and interfacial energy [18]. Despite the usefulness of the
damping measurements, whether the intrinsic dissipative
damping profiles in solvation measurements exhibit an
oscillatory behavior has been extensively debated because
of several issues encountered while performing the quanti-
tative measurements in liquids [14–16,19]. Specifically,
the surface force measurements [17] cannot detect intri-
nsic damping profiles due to the inevitable macroscopic
confinement effect [6,20]. Therefore, AFM utilizing an
atomically sharpened tip must be used; however, most of

the experiments have been conducted using tapping-mode
AFMwith piezo excitation (causing spurious peaks), which
cannot circumvent the entanglement between the
conservative and dissipative forces [14–16].
We previously solved this problem using an atomic-

resolution spurious-free 3D FM-AFM instrument that can
completely decouple their forces, which further revealed a
monotonic damping profile [6]. Nevertheless, site-specific
damping measurements on several atom-chemical species
at different heights have yet to be achieved. In the present
study, we demonstrate this challenging experiment using a
recently developed nondestructive observation protocol
[7,8]. Consequently, by combining molecular dynamics
(MD) simulations with our AFM observations, we discover
that site-specific damping with a shoulderlike peak found in
AFM data reflects the locally reduced water self-diffusion
coefficient (Dw).
To reveal the relationship between the damping and

surface chemical-atom species, we employed a calcite
(104) surface [18,21–27], exposing a binary structure of
Ca and CO3 sites arranged in a grid pattern as illustrated in
Fig. 1(a). Among the three oxygen atoms in the CO3 ions,
one protrudes from the surface, whereas one is depressed
into the surface. As described later, two equivalent CO3’s in
each unit cell are frequently observed as protrusions that
differ in height or shape in the AFM imaging in a vacuum
as well as in water [21,22]. Although this reconstruction in
the apparent surface is called the row-pairing structure
since the two protruding oxygen rows appear as a pair, it is
currently considered to be a tip-induced artifact because all
the evidence has totally relied on only the AFM measure-
ments [21,22].
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Since the details of the 3D experiment and simulation
have been elaborated in our previous reports [7,8], we now
briefly outline them. We used a home-built FM-AFM
system with a LabVIEW PXI controller (National
Instruments). To realize the complete disentanglement of
the conservative and dissipative forces, maintaining a
constant oscillation amplitude while tracking the resonance
frequency is required. To fulfill this criterion, we used two
independent feedback loops, i.e., self-oscillation and con-
stant-amplitude feedback circuits. Moreover, to circumvent
the problem of the “forest of peaks” in liquids, we
employed a spurious-free photothermal excitation setup.
We used a rectangular cantilever (Nanosensors: PPP-
NCHAuD), whose spring constant and resonance fre-
quency in water were 30 N=m and 140 kHz, respectively,
with the oscillation amplitude of 0.5 nmp−p. A high-purity
single crystal of calcite produced in Madagascar, purchased
from a crystal trading company (The Stone of WAKOU),
was cleaved using a cutting knife immediately prior to the
experiment. The experiment was conducted in ultrapure
water to exclude any effects caused by adsorbed ions. 3D
Δf and excitation voltage maps, which contain 128 × 27 ×
105 pixels (5.81 × 3.56 × 1.23 nm3) in XYZ, were simul-
taneously acquired for 1 min. We analyzed both the

experimental and simulated 3D data using a home-built
program developed in Visual Basic .NET (Microsoft).
To detect the minute damping signal, we acquired the

3D data [Figs. 1(b),1(c)], also see the movie in the
Supplemental Material [28]) with a threshold value of
5 kHz, which is remarkably higher than the typical value of
1 kHz [6,8]. The apparent surface rendered in the cross-
sectional maps (boundaries between the white and green
regions) of Fig. 1(b) was somewhat rumpled because of
several vertical positions of the atoms, which indicated that
our established nondestructive observation protocol [7,8] is
essential for the tip to obtain deep access to the individual
sites. To compare the damping acquired on the individual
sites at the same tip-sample distance, we first reconstructed
a constant Δf plane as a topographic image that could have
been obtained slightly above the threshold plane. The
topography presented in Fig. 2(a) depicts a clear atomic
resolution with characteristic row-pairing bright spots,
forming a stripelike shape along the [010] direction.
In line with previous studies [21–23], we assumed the
bright spots as the protruded oxygen (pO) sites as seen
in the overlaid crystal model. Figure 2(b) depicts a damping
map reconstructed in the same constant Δf plane in
Fig. 2(a). In contrast to the topography, this did not show
the row-pairing structure. By overlaying the crystal model,
we identified the bright spots in the damping image as the
Ca sites.
To analyze the experimental data, we performed MD

simulations. We retrieved a calcite crystal structure from
the American Mineralogist Crystal Structure Database and

FIG. 1. Overview of the study. (a) Top and side views of the
crystal structures of calcite (104). The broken blue rectangle
represents the unit cell (0.81 × 0.50 nm2). (b),(c) Representations
of simultaneously acquired 3D conservative force (b) and damp-
ing (c) maps, in which the bottom faces show reconstructed
constant Δf images at 500 Hz.

FIG. 2. Constant-Δf atomic resolutions. (a)–(c) Experimental
reconstructed topography (b) and damping image (b) at the
contour surface at Δf ¼ 4 kHz, which roughly corresponds to
0.6 nN, and crystal structure (c). Scale bars, 1 nm (a)–(c).
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constructed a (2 × 4) supercell exposing the (104) plane
(1.62 × 2.00 nm2) with overlaying 800–1000 water mole-
cules (Fig. S1 in the Supplemental Material [28]). A
dynamics simulation was performed with a force field
optimized for calcite [24] in the NVT ensemble using
Forcite (Dassault Systèmes BIOVIA). After equilibration,
the calculation was conducted for 70 ns which was
sufficiently long since we confirmed that increasing the
simulation time greater than 1 ns simply improved the
signal-to-noise ratio of the data. Note that the simulation
time was still 2 orders of magnitude shorter than the
timescale of the tip oscillation cycle. Since we did not
perform the MD simulations to directly simulate the
dynamic (nonequilibrium) effects caused by the tip move-
ment, e.g., adhesion hysteresis [29], the difference in the
timescale was not problematic.
We first obtained a time-averaged 3D water density map,

and assigned numbers to the density peaks in the averaged
profile. We then calculated 3D force data using a solvent tip
approximation model [30], which has accurately repro-
duced the experimental force data [7,8]. In the simulated
average force profile [Fig. S2(b) in the Supplemental
Material [28]], the second and third force peaks are slightly
split, while the experimental ones were observed as a
shoulder (Fig. S3 in the Supplemental Material [28]).
Therefore, we call these layers the second (third) layer
in the following discussion.
We compared the reconstructed constant-height force

maps in the individual layers. That in the second (third)

layer [Fig. 3(a)] showed the rows of the bright spots
corresponding to the pO sites. Note that the row-
pairing structure was not observed at this height and the
contrast features resemble those in the simulated force
image [Fig. 3(b)]. This result is reasonable because the tip-
sample interaction should increase at the pO sites because
of the reduced tip-sample distance. Meanwhile, the corre-
sponding damping map [Fig. 3(c)] showed bright spots at
the Ca sites, whose patterns resemble the inverse contrast of
the constant-height force map [Fig. 3(a)] but showed the
row-pairing structure.
Next, we also reconstructed the constant-height maps in

the fourth layer in Figs. 3(e),3(f). Both the experimental
and simulated images exhibited a similar contrast feature,
e.g., their dark spots were observed on the pO sites. In the
experimental result, we found that these dark spots were
observed in different darkness at every other row, forming
the row-pairing characteristics. The corresponding damp-
ing image in Fig. 3(g) also showed the row-pairing
structure. Although this image was ambiguous compared
to that of the second (third) layer [Fig. 3(c)], the filtered
image indicated that the distribution of bright spots is
similar to that in the second layer with a minor deviation.
From the early days of FM-AFM, the origin of the

damping has been frequently debated [9–12] and is
currently regarded as a hysteresis caused by the rearrange-
ment of tip-sample atoms occurring synchronously with the
tip oscillation cycle. As for calcite in a vacuum, the CO3

site shows a greater damping than the Ca site due to

FIG. 3. Constant-height atomic resolutions. (a)–(h) Horizontal distributions of experimental (a),(c),(e),(g) and simulated (b),(d),(f),(h)
forces and (a),(b),(e),(f) damping (c),(g), andDw (d),(h) in the second (third) (a)–(d) and fourth (e)–(h) layers. The insets in (a),(c),(e),(g)
and show Fourier-filtered images. The inverted color-scale bar is used in (d),(h). Scale bars, 1 nm (a)–(h).
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the rotation of the CO3 ion induced by the direct tip-
sample interaction [25,26]. However, our results in water
exhibited the damping contrast even relatively far from the
surface and the higher damping signal at the Ca site than at
the CO3 site. Moreover, the dissipated energy was
2000–3000 meV=cycle, about an order of magnitude
greater than 180 meV=cycle in the vacuum [25]. These
facts compelled us to consider the indirect interaction via
water molecules [31].
Since the water molecules diffuse much faster than the

tip oscillation velocity, the hydration structures manifest in
the conservative force data. Therefore, the local variation in
the damping has not been discussed in the previous
experimental studies [5–8]. However, a recent theoretical
study showed that Dw in the space atomically confined
between a cluster tip and a sample surface is reduced by up
to 3 orders of magnitude [31]. Furthermore, other theo-
retical research revealed that the macroscopic confinement
effect further reduces Dw by 3 orders of magnitude [29].
These nanolevel and macroscopic confinements could
cooperatively reduce Dw to be the same order as the tip
oscillation velocity, which possibly produce the damping
signal with the atomic-scale variation.
Therefore, to elucidate the increase in damping at the Ca

sites, we calculated Dw using the Einstein relation
[3,32,33]. Since this formulation cannot be simply applied
to the interfacial water, we divided the simulation volume to
0.033-nm cubic units and averaged the mean square
displacement of water oxygen atoms in each unit in the
linear diffusion regime (1 ps), following a previous study

[33], where a good agreement with experimental results
was demonstrated. We examined the horizontal Dw map in
the second (third) and fourth layers in Figs. 3(d) and 3(h),
respectively, which exhibited the bright spots at the Ca
sites, as similarly observed in the damping maps. This
indicates that the water molecules were restricted in the
hollow structures surrounded by the pO sites, which causes
the strong damping due to the reduced Dw. This is
consistent with our recent study that showed the reduction
of Dw by the steric restrictions caused by the surfaces [8].
In addition, since the topographic images depicted the row-
pairing structure, the tip apex seems to be terminated by the
anisotropic CO3 ion instead of the isotropic Ca ion. In this
case, the dipole moment of the water molecule on the CO3

tip (negatively charged) directs upward while that on the Ca
atom (positively charged) on the sample directs in the same
direction. Therefore, the water molecule is strongly trapped
between the tip and sample, which further reduces the water
relaxation time.
To gain deeper insight into the damping phenomena, we

subsequently examined the vertical maps extracted from the
3D data along the broken lines in Figs. 3(a),3(c), which are
roughly across the Ca and pO sites. Both the experimental
and simulated force maps in Figs. 4(a),4(b) depict periodic
attractive dark spots above the second (third) layers
between the Ca and pO sites. However, the experimental
map exhibited those only at every other row, and two types
of Ca sites with different apparent heights, possibly because
the finite radius and anisotropy of the tip were not
incorporated in the simulation. Note that the dark spots

FIG. 4. Site dependencies of force and damping. (a)–(d) Experimental (a),(c) and simulated (b),(d) vertical force (a),(b), damping (c),
and Dw (d) maps on a calcite surface extracted from the 3D data along the broken lines in Figs. 3(a) and 3(c), respectively. The inverted
color contrast is used in (d). (e),(f) Experimental force (e) and damping (f) profiles at the individual sites of calcite. Scale bars in (a)–(d)
are the same.
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in the fourth layer above the pO sites predicted in the
simulation were not experimentally observed.
Meanwhile, the damping map in Fig. 4(c) rendered a

completely different contrast feature from the conservative
force map, i.e., a spikelike local increase at the Ca sites,
which clearly indicated that the damping maps provide
information distinguishable from the conservative force
maps. Moreover, the vertical Dw map in Fig. 4(d) showed a
similar contrast feature, a remarkable local decrease at the
Ca sites.
For a more quantitative analysis, we examined the

profiles on the individual sites [Figs. 4(e),4(f)]. Based on
the experimentally observed characteristics, we refer the
four sites as the darker repulsive pO (rpO), less dark
attractive pO (apO), the apparently protruded Ca (pCa), and
depressed Ca (dCa) sites. The rpO and dCa conservative
force profiles showed a monotonic increase caused by the
interaction with the first hydration layer, but a minute
shoulderlike second hydration layer was observed only in
the dCa profile. The pCa profile showed the fourth
hydration peak. The apO profile also showed a slight
oscillatory behavior because, as clearly deduced from
Fig. 4(a), the anisotropic tip simultaneously interacts with
the hydration structures on the pCa sites.
In the damping profiles, only the pO profiles showed a

simple monotonic increase whereas the Ca profiles showed
a shoulderlike peak with a 2 times larger signal. We also
reconstructed a correlation graph between Δf and damp-
ing, which proves that the local damping was not affected
by Δf (Fig. S4 in the Supplemental Material [28]). In a
previous study [6], the damping profile obtained on mica
showed a monotonic behavior; however, we found that after
approaching the tip closer to the mica surface, the profiles
exhibit the existence of a shoulderlike peak (Fig. S5 in the
Supplemental Material [28]). The peak in the damping
profile possibly corresponds to the minima in the Dw
profile [Fig. S2(c) in the Supplemental Material [28]].
Since Dw is closely related to the viscosity, which is es-
sential in biological and electrochemical processes [2–4],
the atomic-level Dw measurement is crucial for progress in
such fields.
To summarize, we visualized an atomic-scale hydration

structure and the accompanying damping or viscosity
distribution on a calcite (104) surface via liquid 3D FM-
AFM. The damping maps showed stronger signals at the Ca
sites than at the pO sites. MD simulation revealed that this
contrast reflects the locally reduced Dw near the surface.
Furthermore, we revealed that the damping profiles show the
presence of a shoulderlike feature when the tip strongly
interacted with the first hydration layer. The atomic-level
damping measurement provides knowledge about the local
viscosity distribution, which is complementary to the
conservative hydration measurement. This study will be a
milestone for elucidating the relationship between the water
viscosity and biofunctions and electrochemical reactions.
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FIG. S1. Snapshots from the MD simulations. Crystal structures of calcite (104) employed in 
the MD simulations. Red and white spheres represent oxygen and hydrogen atoms in water, 
respectively. Green, gray, and yellow spheres represent calcium, carbon, and oxygen atoms in the 
calcite crystal, respectively. 
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FIG. S2. Simulated profiles. (a–c) Simulated laterally averaged water density (a), force (b), and 
self-diffusion coefficient (c) profiles. The self-diffusion coefficient was calculated from the mean 
square displacement of all water oxygen atoms using the Einstein relation. All the data are shown 
after being smoothed using a Gaussian kernel filter with a standard deviation of 0.037 nm, which is 
equivalent to the value used for the simulated map in the main text.  
 
 

 
FIG. S3. Averaged experimental force profile. Total averaged force profile extracted from 50 
randomly selected surface pixels in 3D force map data.  
 
 

 
FIG. S4. Correlation between frequency shift and damping. This graph proves that local 
dissipation is not affected by local frequency shift. 
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FIG. S5. 3D force map data on mica. (a,b) Horizontal distributions of force (a), and damping 
(b) in the first hydration layer simultaneously acquired on mica surface. (c,d) Vertical distributions 
of force (c), and damping (d) in a cross section at the broken lines marked in (a,b). (e,f) Averaged 
profiles of force (e), and damping (f) extracted from randomly selected 50 pixels in 3D force map 
data. Scale bars, 1 nm (a,b). 
 
 


