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Abstract Liquids confined to molecular scales become
anisotropic and often show pronounced self-organization
such as layering. Although this effect is well accepted, it is
still debated if confinement induces measurable changes of
viscous friction. We use molecular dynamics to address
this issue by simulating a Lennard-Jones liquid confined
between a solid cylinder and an atomically smooth surface.
The simulations reproduce the well-established variations
of normal force, density, and diffusivity with the distance
between wall and cylinder. We find high diffusivity and
low density when the numbers of layers is in between
integers. This observation seems to contradict most
experimental results on the effective damping between
atomic force microscope tips and substrates when inter-
preting them within continuum hydrodynamics used to
connect liquid viscosity and diffusivity. This contradiction
is resolved by directly extracting the damping that the tip
experiences, which we achieve by using the fluctuation-
dissipation theorem; as in experiment, we find local min-
ima in the damping near integer numbers of molecular
layers and maxima in between. These variations correlate
with distinct structural changes in the microscopic order of
the fluid. We reconfirm that constitutive equations valid at
macroscopic scales cannot be used to interpret confined

S. de Beer (X)) - D. van den Ende - F. Mugele

Physics of Complex Fluids and MESA + Institute for
Nanotechnology, Department of Science and Technology,
University of Twente, P. O. Box 217, 7500 AE Enschede,
The Netherlands

e-mail: s.j.a.debeer@utwente.nl

W. K. den Otter - W. J. Briels

Computational Biophysics, Department of Science and
Technology, University of Twente, P. O. Box 217,
7500 AE Enschede, The Netherlands

liquids and finally conclude that viscous friction displays
measurable, non-monotonic behavior with the degree of
confinement.
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1 Introduction

The dissipation in liquid layers confined to a few nano-
meters plays a crucial role for friction experienced by
lubricated contacts [1, 2]. While there is overwhelming
evidence that simple liquids can be described by standard
continuum models using the bulk viscosity and density
down to length scales of 10 nm, deviations occur when the
liquid thickness is reduced to a few molecular diameters
[3]. Seminal work using the Surface Forces Apparatus
(SFA) established that the presence of solid walls induces a
layered structure in the liquid leading to the so-called
oscillatory solvation forces [4]. X-ray reflectometry studies
[5] as well as theory and numerical simulations [6, 7]
demonstrated the existence of an oscillatory density profile,
which decays approximately exponentially with a decay
length of a few molecular diameters as a function of the
distance from the wall. While this behavior of the con-
servative forces is well understood and has also been
reproduced for nanoscale contacts in early Atomic Force
Microscopy (AFM) experiments [8], the dissipative
behavior of nano-confined liquid films is heavily debated.
In the SFA community, slightly different measurement
techniques for nominally identical systems produced
highly incompatible experimental results with interpreta-
tions ranging from confinement-induced solidification [9]
or a glassy response [10] to bulk-like dynamics for liquid
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films of even just a few molecular layers thickness [11-13].
SFA measurements are limited to film thicknesses of
integer numbers of molecular layers due to a mechanical
(“jump-to-contact™) instability. In contrast, dynamic AFM
allows for a more complete characterization of the con-
servative forces and the dissipation including in particular
film thicknesses corresponding to non-integer numbers of
molecular layers. Notwithstanding early controversies [14—
16], there is a growing consensus that the dissipation
experienced in lubricated single-asperity nano-contacts
varies in a non-monotonic manner as a function of the
thickness of the confined liquid film: Qualitatively similar
behavior was observed for a variety of liquids including the
simple Lennard-Jones liquid Octamethylcyclotetrasiloxane
(OMCTS) [17-19], dodecanol [20], and water [21] (also
depending on the ion concentration [22]). Although,
chemical details are known to qualitatively alter the fric-
tion forces [23, 24], this similarity in observations using a
large variety of liquids with rather disparate molecular
properties and solid-liquid interactions [25] suggests the
presence of a generic underlying principle.

In this letter, we describe equilibrium molecular
dynamics (MD) simulations of a confined Lennard-Jones
liquid that mimics the experimental conditions of AFM
experiments with OMCTS and graphite surfaces. Early
non-equilibrium simulations [26, 27], applied to study the
dissipative properties, were often performed at high shear
rates while only for sufficiently low velocities the experi-
mentally examined Stokes friction can be extracted [28].
Instead, we analyze the temporal fluctuations of the force
and make use of the fluctuation-dissipation theorem to
extract the dissipation from our equilibrium simulations.
Therefore, and in contrast to previous equilibrium MD
simulations of confined liquids [29, 30], our study is not
limited to the equilibrium properties such as density

(a)

Fig. 1 a Oscillating AFM cantilever. b The liquid confined between
the tip and the surface. ¢ Measured interaction stiffness ki, and
damping y;,, extracted from the amplitude phase distance curves
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profiles, oscillatory solvation forces, and diffusivities. In
this manner, we reproduce for the first time the distance
dependence of the damping measured in AFM experiments.

2 Background and Technical Aspects

Figure 1 shows the typical experimental situation and
experimental result that we want to study in our simula-
tions. Such AFM experiments are carried out in dynamic
mode where the AFM cantilever is driven to oscillate si-
nusoidally at kHz frequencies in the vertical direction with
an amplitude that is small compared to the diameter of the
molecules. The resulting motion of the AFM cantilever is
affected by both the conservative and the dissipative forces
mediated by the confined liquid underneath the tip. The
average distance between tip and sample is slowly
decreased at a typical speed of <1 nm/s. Measuring the in-
phase and the out-of-phase component of the response of
the AFM cantilever, the conservative interaction stiffness
kin and the dissipative interaction damping 7y, can be
extracted (see e.g. [18]). As shown in Fig. lc, y;, displays
pronounced maxima at the distances of the minima of the
stiffness. Despite the dynamic character of the experi-
ments, it should be noted that the typical time scales for
generating an experimental data point (~ 10 ms) are very
long compared to molecular time scales. As a consequence
it is plausible to assume that the experimental data corre-
spond to a succession of equilibrium states.

To mimic this situation numerically, we built the system
sketched in Fig. 2. It consists of two solid surfaces of
graphite, each consisting of at least ten layers of atoms, all
fixed to their lattice sites in the characteristic honeycomb
structure of individual graphene sheets. The AFM tip is
mimicked by a shell of LJ atoms, equally fixed to their fcc

Ritw
[\/\/\AA |

0 \ —
IR
X
1 0

0 2 4 6
tip surface distance [nm]

measured upon approach of the AFM cantilever towards HOPG in
OMCTS (same data as in Ref. [18])
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Fig. 2 Setup for the MD simulations. The green LJ particles in the
liquid region represent OMCTS, yellow particles in the solid shell
represent gold, and the gray particles represent graphite. Note the two
confinement volumes at the fop and the bottom of the box. The
confined liquid is in equilibrium with the bulk liquid visible at the left
and right side of the box (Color figure online)

lattice sites. This fcc crystal is cut into various shapes
including a cylinder (radius: 15 nm) with a flat (100) bot-
tom face, with curved bottom faces having the radii of 15
and 45 nm, and into a sphere. The liquid molecules are
represented by Lennard-Jones particles. All particles in
the system interact via a Lennard-Jones potential
V(r) = 431((ai/r)12—(0',~/r)6), where ¢ and o; are the
interaction strength and particle sizes for particles i (tip:
o, = 0.3 nm, ¢ = 6.84 kJ/mol, substrate: g, = 0.142 nm,
& = 0.3598 kJ/mol and liquid: ¢y = 0.77 nm, & = 2.85
kJ/mol [31]) in the system. Commensurability will signif-
icantly affect the frictional forces [26, 32, 33]. Thus, we
tested and found that our solid walls and the liquid are all
incommensurate. For the interactions between different
kinds of particles we used the Lorentz—Berthelot combin-
ing rules and the interactions are cut-off at a distance of 2.5
molecular diameters.

The tip is placed in the middle of the simulation box
creating two gaps of equal width at the top and at the
bottom of the graphite surface, respectively. While the tip
is cylindrically symmetric, the simulation box is cubic
(lateral dimensions ~45 x 45 nm) with periodic boundary
conditions in x and y. The simulations are carried out as
follows: the system containing approximately 100.000
liquid molecules is first equilibrated for 60 ns at a constant
temperature and pressure of 7 = 0.88 e/kg and P = 3.3
¢la”, respectively. Since confinement can move the liquid—
solid transition line in the phase diagram [34], the vicinity
to the melting point may affect our results, in the simula-
tions and experiments alike. Temperature and pressure are
kept constant using Toxvaerds implementation of the
Nosé-Hoover thermostat and barostat [35]. Integration of
the equations of motion is carried out using the leap-frog
Verlet algorithm [36]. Following equilibration, barostat
and thermostat are turned off and we let the system evolve

at constant particle number N, volume V, and energy E for
another 16 ns. The forces acting on the tip are calculated
from these runs at constant NV, V, E. Simulations are carried
out for various spacings between the solid surfaces leading
to gap widths D ranging from 0.5 to 3.9 nm.

3 Results

We first analyze the equilibrium properties of the system.
Figure 3a shows the density profiles of the liquid averaged
over the two gaps for a cylindrical tip with a flat bottom/top
at a variety of gap widths. The liquid displays strong
density oscillations as expected. Note that there is a slight
asymmetry between the density maxima adjacent to the
graphite surface and the tip surface, which arises from the
different strength of the interaction parameters. The aver-
age force exerted on the tip by the liquid molecules dis-
plays the expected oscillatory shape and decays to zero at
the largest distances (see green squares in Fig. 3b). The
orange triangles in Fig. 3b show the number of atoms in the
gap. Note that this curve displays pronounced plateaus with
a fixed number of molecules over a substantial range of gap
widths. This behavior reflects the stability of the molecular
layers. As the gap width is varied, these layers remain
intact without changing their internal structure (density in
two dimensions) substantially. Merely, the average dis-
tance between the layers is decreased (see also Fig. 3a).
During this compression the average density in the gap
increases by >10%. Only upon exceeding a certain maxi-
mum density, retaining a fixed layer structure becomes
unfavorable and the system adopts a new configuration
with one molecular layer less. As shown in Fig. 3b, the
plateau regions with a well-defined number of molecular
layers and the transition regions with a more disordered
structure are approximately equally wide for this configu-
ration of a cylindrical tip.

For spherical tips, plateau and transition regions become
much more blurred (data not shown). Nevertheless, snap-
shots of the density of the molecules confined between a
spherical tip (R, = 15 nm) and a flat surface, time-aver-
aged over the entire simulation run, still display a clear
layer structures (Fig. 4b—f). For gap width of 4.3, 4.0, and
3.60 four layers are clearly discernible under the tip. At the
largest gap width the molecules in the middle appear as a
diffuse band. This reflects their high mobility on the time
scale of the simulations. At the lower gap widths, the atoms
become more localized and appear as bright spots, like the
atoms in the layers immediately adjacent to the solid sur-
faces. Since the atoms do not move during the entire
simulation run, the system may be considered as crystal-
lized under these conditions.
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Fig. 3 a Equilibrium film (a) — T T (b)
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To quantify the variations of the atomic mobility we
trace the mean square displacements of the atoms in the
region underneath the spherical tip. This analysis reveals
two aspects: first, the mean square displacements (MSDs)
increase linearly in time within the time window of the
simulations, both for the x—y and for the z-direction. The
linear behavior of the MSDs allows for the definition of
diffusion coefficients Dy, and D,, being the slope of the
means square displacement versus time. Second, the MSDs
are highly anisotropic (see Fig. 4a). While Dy, and D, are
small compared to the bulk diffusion coefficient, D,y is still
substantially larger than D,. Qualitatively, a reduction of
the diffusivity is of course expected. Already macroscopic
fluid dynamics predicts a reduction of the diffusivity due to
the interaction of the diffusing atom with its image on the
opposite side of the wall [37-39]. Yet, the variations
observed here are non-monotonic and reflect the layered
structure of the liquid. The increase in density under the
tip—and hence the decrease in space available for the site-
exchange processes required for molecular diffusion—Ilead
to a dramatic reduction of the diffusivity as the layers are
compressed. Once the gap width is reduced to such an
extent that the number of layers is reduced, the average
density decreases again and molecules can diffuse faster
again (Fig. 4e).

While the variations of the diffusivity are substantial,
they are most pronounced at rather large separations, where
the dissipation measurements do not reveal any structure
yet (cf. Fig. 1c). Moreover, we observe an increased dif-
fusivity for distances with a low density. Using continuum
theory to directly convert the diffusivity to a viscosity,
would imply an increased damping for distances with a
high density. While in AFM experiments the opposite is
often observed. Furthermore, it is well known that tip and
liquid diffusivities do not have to agree [40]. Thus, a
comparison of AFM data and MD simulations cannot be
done on the level of diffusivities [41]. A comparison is only
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directly possible on the level of the damping that the AFM
tip is expected to experience as a consequence of the
molecular motion under the tip. To this end, we note that
the forces exerted by the liquid onto the cantilever are not
constant but fluctuate in time. On picosecond time scales
these fluctuations are not completely random but display
clear correlations: if some fraction of the molecules col-
lectively moves in one direction at time 7, and thereby
exerts, e.g., an excess force, AF(ty) = F(ty) — (F) then its
excess force also points in the same direction at time
to + At, provided that Az is sufficiently short compared to
the relaxation time of the system. This memory of the fluid
determines the macroscopic dissipation in the system at
long times. So using the fluctuation-dissipation theorem
[42], the macroscopic damping coefficient y on the long
experimental time scales is given by the time integral of the
autocorrelation function of the force fluctuations [43—45]:
t

y = lim LT/ (AF(0)AF (¢))dr

1—00 kB

(1)

0

It turns out that the force fluctuations display a strong
autocorrelation for gap widths that correspond to the
transition between two adjacent plateaus of particle
numbers [41]. At these distances, the correlations display
a rather long life time of several ns. In contrast, in the
plateau regions, the correlation is rather weak and decays
quickly on the ps time scale. Figure 5a shows the resulting
damping coefficient for a flat cylindrical tip as a function of
thickness for the motion in the vertical direction (y,—blue
squares) and for the lateral motion (y,,—red triangles). For
gap widths below 2.5 nm pronounced variations as a
function of the thickness are found for y,. In the plateau
regions of Fig. 3b, the damping coefficient of Fig. 5a is
small and similar to the value at large distances. In the
transition regions; however, 7, is enhanced by one, two,
and three orders of magnitude for 3 < 2, 2 « 1, and
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Fig. 4 Diffusion coefficient (blue) squares: z-direction; (red) circles:
xy-direction) (a) and the normalized density (b—e) for various tip
surface distances: b z = 4.30, ¢ 4.00, d 3.60 and e 3.4 (Spherical tip
with bottom radius of curvature of 15 nm) (Color figure online)

1 < 0 layers, respectively. Simultaneously, the relaxation
time of the system for motion along the z-direction varies
between at most 100 ps in the plateau regions and 1-2 ns
in the transition regions (Fig. 5b). In contrast, the
dissipation coefficient for the lateral dynamics, 7y,

(a) 1000

100

(b)
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D [nm]

Fig. 5 a The damping coefficient y (red) triangles in the vertical
z-direction and the inplane xy-direction ((blue) squares) both
normalized by the average damping in between the peaks y..¢ (same
data as in Ref. [41]). b The characteristic relaxation time 7,. ¢ The in
plane number of nearest neighbors <Nnn> averaged over all the
particles under the tip. Gray dashed lines indicate the positions of the
maxima of the repulsive force coinciding with maxima in the
damping. All data were extracted from simulations with a cylindrical
tip with a flat bottom surface (Color figure online)

displays within the noise no observable enhancement in
the transitionregions 2 <~ land 1 < 0.Note that thisresultis
consistent with the maximum of tenfold increase observed for
non-commensurate systems in non-equilibrium simulations
[46].

These variations in the damping and relaxation time are
strongly correlated with accompanying variations in the
structure of the film. Figure Sc shows that the number of
nearest neighbors in the film varies strongly as a function
of the thickness. In the plateau regions, the films are highly
ordered with a sixfold coordination. In contrast, in the
transition regions the films are more disordered and the
number of nearest neighbors within the layer decreases
down to four. Snapshots of the atoms in the layers reflect
that picture (Figs. 6, 7). In particular, Fig. 6 illustrates
rather the complex patterns arising when two hexagonal
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Fig. 6 Configuration of the molecules confined between the cylindrical tip with a flat bottom/top and the surface for 2 molecular layers
(r<15nm)ataD = 2.2 nm, b 1.9 nm and ¢ 1.7 nm. The insets show an amplification of the central region under the tip (|x|&|y| < 3.85 nm)

Fig. 7 Snapshots of the molecules confined between the cylindrical
tip with a flat bottom/top and the surface (r < 15 nm). a configuration
atD = 1.0 nm, b 1.1 nm, ¢ 1.5 nm and d 2.0 nm. The insets show an
amplification of the central region under the tip (|x|&|y| < 3.85 nm)

layers are stacked on top of each other at different degrees
of confinement: Fig. 6a shows the configuration of mole-
cules at D = 2.2 nm. There are two layers between the tip
and the surface. Each layer has an in-plane hexagonal
structure. Since g; = 0.77 nm, there is a lot of free space in
the gap. At this distance the hexagonal lattices of the two
layers are free to move with respect to each other. When
the distance is decreased to D = 1.9 nm (Fig. 6b), Ny
remains the same and the molecules are in the same in-
plane hexagonal structure. However, the orientation of the
two layers with respect to each other has changed. The
molecules in the top layer mostly reside in between two
molecules in the lower layer. In some regions, the mole-
cules in the top layer occupy the threefold hollow sites as in
the regular stacking of close-packed crystals. When the
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distance is decreased further to D = 1.7 nm (Fig. 6¢), Ngap
is still the same and the molecules are still overall in the
same in-plane hexagonal structure. However, almost all
molecules in the top layer now reside in the threefold
hollowsites of the bottom layer. Yet, the in-plane hexago-
nal structure is no longer perfect, but shows defects and
grain boundaries and in some regions the molecules have
positioned themselves in an in-plane quadratic arrangement
with only 4 nearest neighbors. This tendency is enhanced
when D is further reduced and the transition to just one
layer is approached. These transitions in the layer structure
are reminiscent of the structural variations in confined
liquid films between elastic substrates reported earlier by
Persson [33, 47].

4 Discussion

The results presented here provide the first numerical
confirmation of the rather generic experimental observation
that the dissipation in confined liquid films shows distinct
maxima and minima as a function of the gap width.
Moreover, the maxima in the damping are found at tran-
sition distances 3 <> 2, 2 <> 1 and 1 «< 0, very similar as
observed experimentally. Throughout all our simulations,
we found no indication that the system can get arrested in
non-equilibrium states. The system always converged
towards the structures shown above, irrespective of the
initial conditions. From a physical perspective, this may
not seem surprising given the typical time scales of
molecular motion and the small size of the system. Yet,
various experimental studies in the literature reported a
strong dependence of the mechanical response of the liquid
under investigation on the (very slow) approach rate of the
cantilever (~A/s) [17, 21]. A qualitatively similar depen-
dence was reported in SFA experiments [10]. We suspect
that this dependence is related to the rather large lateral
dimensions of the confinement region in these experiments:
The tips in the two AFM experiments were rather blunt
with tip radii of order >500 nm [48]. Under such
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conditions, it is easier to conceive that the molecules get
“jammed” into some non-equilibrium configuration than
for the system studied here, which displays nano-scale
dimensions in all directions.

It is also interesting to compare the present results to
previous interpretations of so-called confinement-induced
solidification. For the present system, the material in the
gap clearly crystallizes provided that the gap width corre-
sponds to one of the plateau regions. At the same time, the
dissipation due to the confined film remains at a very low
level—and is in fact compatible with the same (noise) level
that is also found at the largest gap widths: The dissipation
of a thin solid film is just as low as for a thicker liquid film
of small viscosity. This indicates that the dissipation
experienced by an AFM cantilever oscillating in the ver-
tical direction is not sensitive to a possible solidification of
the layer. Similar conclusions apply for the tangential xy
motion. Distinguishing between the two states seems to
require a different experimental technique.

The data shown in Fig. 5 refer to a cylindrical tip with a
flat bottom. Unless a specific treatment is given to the tips
(see e.g. [49]), this deviates from the typical experimental
situation in AFM with round tips. Quite generally, one
expects that the effects described above become smeared
out when the cylindrical tip is replaced by a spherical one,
because the net force experienced by the tip results from an

Fig. 8 The average force on the
tip in z-direction (blue) squares
and the damping ) extracted
from the force fluctuations for a
tip with radius a R, = 45 nm
and b R, = 15 nm (Color
figure online)

Force [10% e/0]

average of regions with varying gap width. Figure 8 shows
that this is indeed the case for two examples, namely cyl-
inders for which the bottom sides were rounded with radii
of curvature of 45 nm (a) and 15 nm (b), respectively.
Despite that the data is still preliminary, it is clear that both
the amplitude of the oscillatory solvation forces as well as
the local maxima in y are less pronounced (note the dif-
ferent scale on the ordinate as compared to Fig. 5a). In fact,
the decrease of the oscillatory forces between Fig. 8a and b
is roughly one-third and consistent with a constant value of
F/R (R being the tip radius), as expected based on the
Derjaguin approximation [50]. For the sharp tip of 15 nm
radius, most of the variations in the damping have disap-
peared. Only one pronounced peak is left, which is related
to the squeeze-out of the last layer. The latter, however,
might be somewhat artificial in our simulations since the
substrates in our model are perfectly stiff. In reality, the
finite elasticity of primarily the soft graphite surface is
likely to affect the squeeze-out process [33, 47]. Moreover,
the specific shape of the tip will affect the pressure distri-
bution in the contact area and friction forces [51, 52] and is
thus expected to affect the structure and dissipation in our
system as well. Experiments suggest that the relative
position of the peaks in the damping with respect to the
conservative forces depends on the tip geometry [19]. In
the simulations the shift was less pronounced. This might

—_
=2
-~

<y>[10° a.u]
Force [10° e/o]
<y>[10° a.u.]

Fig. 9 The storage C’ and loss
C” moduli extracted from the
autocorrelation of the force on
the cylindrical tip with a flat
bottom/top surface for
aD=15andb 1.9 nm

T (b) T D_ .I T

1

Frequency [GHZz]
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Frequency [GHZz]
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be related to the more complex geometry of real tips. This
again implies, that the exact tip shape will have a signifi-
cant effect on the measured damping.

Finally, we would like to comment on an alternative
way of characterizing the “rheological” properties of the
confined films, as it is frequently studied in experiments as
well [10, 53]. By calculating the Fourier transform of the
force-autocorrelation function, we can extract the conser-
vative and the dissipative response of the system for the
entire spectrum of frequencies. In a macroscopic system,
this procedure yields the frequency-dependent storage and
loss modulus, G’ and G”, respectively, of a system. The
corresponding quantities C’' and C” for the present system
are shown in Fig. 9a for D = 1.5 nm (i.e. in the transition
region 2 < 1) and in Fig. 9b for D = 1.9 nm (i.e. in the 2
layer plateau region). These results are again characteristic
for other data obtained in transition and in plateau regions,
respectively. Clearly, the mechanical response at both
distances quite different. The storage modulus C' in
Fig. 9a, which represents the elastic response of the con-
fined liquid molecules on the tip, is approximately constant
over this frequency range. On the other hand, the loss
modulus C”, which represents the dissipative properties
measured by the tip, increases linearly with slope 1. This
response is very close to the typical characteristics a soft
glassy material [54]. This conclusion is consistent with the
exponential, Maxwellian decay found for the autocorrela-
tion in the force fluctuations (data not shown), which
indicates liquid-like behavior for low frequencies.
Although, longer simulations are required to confirm this.
Figure 9b shows C’ and C” for D = 1.9 nm (in between the
peaks in the damping). Both the storage modulus and the
loss modulus increase with a slope of approximately 0.5.
This response indicates gel-like behavior and the existence
of several relaxation processes. The linear increase of both
C’ and C” is consistent with the algebraic decay we found
in the autocorrelation of the force fluctuations (data not
shown).

These results indicate the behavior of the liquid is more
complex than just a viscous liquid or an elastic solid.
However, further research and especially longer simula-
tions are required.

5 Summary

In summary, we showed that MD simulations of simple
confined Lennard-Jones fluids are able to reproduce the
characteristic peaks of excess dissipation that were found
in a series of recent AFM experiments on confined fluids.
The simulations suggest a generic relation between the
dissipation measured in AFM experiments and the molec-
ular scale packing of the molecules in the confined liquid
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layers. Highly ordered layers display little dissipation—a
less ordered structure entails excess dissipation.
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