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First-principles determination of static potential energy surfaces for atomic friction
in MoS, and MoO;
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Using first-principles electronic-structure calculations of static potential energy surfaces, we investigate the
atomic-scale energetic barriers encountered during sliding at MoS, (001) and MoOj3 (001) surfaces and at the
MoS,/MoOy interface. The results indicate the minimum energy path to sliding and provide an upper bound to
the force that must be applied in order to initiate sliding. The results further suggest that the lowest energy
pathway is to slide MoO3 over MoS, along the channel direction formed by S atoms at the sliding interface,
and the highest energy pathway involves MoOs (001) interlayer sliding, which is consistent with the results of
experimental microscopic investigations of similar crystalline interfaces.
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I. INTRODUCTION

Results from sophisticated new experimental tools for
friction studies, such as atomic force microscopy (AFM), are
greatly increasing our mechanistic understanding of
tribology.! Continuing increases in computational power are
also allowing complementary simulation approaches to pro-
vide powerful insights. Owing to the atomic or molecular
nature of nanoscale friction, sophisticated descriptions of
atomic bonding and electron density can now be used to
calculate the interactions between sliding surfaces. Friction
force calculations have been performed either analytically,?
by first-principles calculations,> or using empirical poten-
tials in molecular dynamics simulations.'® Quantum me-
chanics based first-principles methods are widely recognized
as a powerful tool to examine the nature and consequences of
the interactions between surfaces at the nanometer scale.

As a widely used solid lubricant, MoS, has been inten-
sively studied both theoretically® and experimentally.”
While a number of hypotheses have been proposed to ex-
plain the experimentally observed exceptional frictional
properties of MoS, in vacuum, and its deterioration when it
is exposed to air, no clear consensus has yet emerged. Simu-
lation has the potential of providing significant insights into
the tribological properties of MoS, and MoOs.

Previously, the static potential energy surface of
MoO;/MoS, was calculated by Smith et al’ using tight-
binding simulation methods. Their results qualitatively ex-
plained the friction anisotropy of the MoOs/MoS, system
seen in AFM studies by Sheehan and Lieber.” Here, we char-
acterize the energetics of barriers to sliding MoS, and MoOj3
surfaces and of sliding at MoOs;/MoS, interfaces using
density-functional theory (DFT) calculations.

II. MODELS AND COMPUTATIONAL DETAILS

MoS, has a lamellar crystal structure formed by stacking
S-Mo-S trilayers.>!%!! The central layer of Mo atoms forms
an equilateral triangle; this layer is sandwiched between two
other equilateral triangular layers of S atoms (Fig. 1). Each
Mo atom lies at the center of the triangular prism formed by
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its six neighboring S atoms to form a MoSg unit. The bond-
ing in the MoS¢ unit is mainly covalent in nature and thus
strong. By contrast, the S-Mo-S trilayers are weakly bonded
to each other by the van der Waals (vdW) forces. The MoS,
conventional unit cell is hexagonal with lattice parameters of
a=0.316 nm and ¢=1.229 nm. It is convenient to construct
an orthorhombic unit cell, in which the orthorhombic [100],
[010], and [001] directions correspond to the hexagonal

[1100], [1120], and [0001] directions, respectively. The lat-
tice parameters of this orthorhombic unit cell, which contains
four MoS, fu., are ¢=0.547 nm, b=0.316 nm, and c¢
=1.229 nm. The static potential energy surface calculations
of the MoS, (001) surface are performed on a 2X2X?2
orthorhombic unit cell (i.e., M3,Sg4). A vacuum region of
1 nm thickness is added in the [001] direction, such that the
nonsliding surfaces do not interact.

MoO; forms an orthorhombic layered crystal structure.
Each layer comprises two interleaved planes of MoOg octa-
hedra, as illustrated in Fig. 2. The oxygen atoms in the MoOg
unit are labeled O1, 02, and O3 in Fig. 2, respectively, since
each of them has one, two, or three Mo neighbors. Detailed
structural information for MoOj is available,'>"'* which in-
dicates that the interactions between Mo and O atoms are
dominated by strong ionic and covalent bonding, while the
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FIG. 1. Crystal structure of MoS,.
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FIG. 2. Crystal structure of MoOs.

individual layers parallel to the (001) plane are coupled by
the weak van der Waals forces, as in MoS,. Because the ideal
(001) plane with the Ol atom exposed on the surface repre-
sents the lowest energy cleavage plane, the static potential
energy surface calculations consider the sliding of one MoOj;
(001) surface on another. A top view of the MoOs sliding
interface is given in Fig. 2. The lattice parameters for the
conventional orthorhombic cells of four MoO; fu. are a
=0.370 nm, »=0.396 nm, and c¢=1.385 nm. The MoO;
simulation supercell consists of 2 X2 X2 MoO;3 orthorhom-
bic unit cell of 128 atoms (Mo3,09s). As with MoS,, a
vacuum region of 1 nm thickness in the [001] direction en-
sures that the outer surfaces do not interact.

In constructing a MoS,/MoQOj5 layered system, a choice
has to be made as to the relative orientations of each mate-
rial; the criterion we use is to minimize any in-plane strain.
As shown in Fig. 2, the diagonal distance between the Ol
atoms on the (001) surface of MoO; is 0.542 nm, which is
very close to the [010] length of the MoS, unit cell
(0.547 nm). A nearly strain-free MoOz/MoS, interfacial
structure is constructed by rotating and then attaching a 3
X4 X1 MoOj slab on top of a 2X 5 X 1 orthorhombic MoS,
such that the MoO; (001) surface is parallel to the MoS,
(001) surface and the MoO5 [110] direction is parallel to the
MoS, [010] direction; the resulting lattice mismatches are
1.8% in the [001] direction and 0.2% in the [010] direction.
A schematic of the MoO5/MoS, interface is given in Fig. 3.
This MoO3;/MoS, model contains 20 MoS, f.u. and 24
MoO; f.u. for a total of 156 atoms. It would, of course, be
desirable to reduce the in-plane strain even further. However,
the next commensurate system size would need to be 1310
(M037006005340) atoms, which is beyond our current capa-
bilities. Here also, there is a 1 nm vacuum in the [001] di-
rection of the MoO5;/MoS, model.
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FIG. 3. Atomic configuration of MoO3/MoS, interface.

The rapid increase in computer capabilities has allowed
this effort to make two significant technical advances over
the approach used by Smith ef al.:> the model used here is
about three times larger and the interatomic interactions are
described by DFT, which should give better material fidelity
than the less-sophisticated tight-binding method.

All of the calculations are performed with the plane-wave
density-functional theory software code VASP (Vienna ab ini-
tio simulation package) using the local density approxima-
tion (LDA) pseudopotentials with the core electron correc-
tion for Mo. The cutoff energy is 270 eV, which yields a
total energy that is approximately the same as higher, more
computationally intensive cutoff energies of 400 and 600 eV.
In addition, each calculation has an energy convergence of
no more than 0.001 eV per surface atom. With these settings,
the calculated lattice parameters for bulk hexagonal MoS,
are @=0.312 nm (experimental value of 0.316 nm) and ¢
=1.211 nm (1.230 nm); for bulk MoO;, they are a
=0.368 nm (0.370 nm), »=0.381 nm (0.396 nm), and ¢
=1.392 nm (1.385 nm). The good agreement of the calcu-
lated values with experimental data indicates that the meth-
odologies and program settings used here are effective for
reproducing the crystal structures of the systems.

The three input models, with the vacuum present, are first
relaxed, without any system shape and volume change al-
lowed. Each system is then placed under an external load by
manually compressing the system in the Z direction [normal
to the sliding surface, as indicated in Fig. 4(a)] and then
pinning the atoms (S or O) on the top atomic plane of the
upper trilayer and on the bottom plane of the lower layers.
The compressed system is thereafter equilibrated until the
measured force on the atoms on the top and bottom planes
differs by no more than 0.01 nN, indicating that the stress is
uniform through the system. By repeatedly compressing the
system and then measuring the forces of the resulting sys-
tem, the target pressure is reached in a rapid and accurate
manner. The target pressure for all the three systems is
500 MPa, which corresponds to a force of 0.33 nN
(0.041 nN per S atom) for MoS,. The normal load vs strain
(%) for the contact of two trilayers of MoS, is plotted in Fig.
4(b).

After the 500 MPa target pressure is reached, the static
potential energy surface is mapped at different positions by
rigidly moving the top half of the compressed system in the
X and Y directions (parallel to the sliding interface), as indi-
cated in Fig. 5. The forces on the resulting system are then
fully relaxed, and the system energy is compared with the
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FIG. 4. (Color online) Compressing the system. (a) A schematic
view of compressing MoS, system. (b) Normal load or force vs
strain (dy—d)/d, where dy=0.29 nm. d,, is the separation between
MoS, trilayers at equilibrium and d is the separation under pressure.

energy of the initial untranslated compressed system.

It is worthwhile to note that there is a concern of using
conventional DFT-LDA to describe the vdW interactions in
the layered structures.'>"!7 However, it is well documented
that the overbinding in the conventional LDA can result in a
cancellation of errors,!> which yields reasonable modeling of
the vdW interactions. Importantly, the systems under consid-
eration here are all subjected to compressive forces. Thus,
the dominant force between the weakly bonded layers is
electron repulsion which is well described by conventional
LDA pseudopotentials.'> Last, the data reported here are
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FIG. 5. A schematic illustration of the initial setups of the mod-
els for potential energy surface calculations.
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FIG. 6. Static potential energy surface of MoS, as a function of
positions. Top: contour plot of energy difference as a function of
displacement in X and Y directions (parallel to the sliding surface).
Open circles represent S atoms on the top of sliding interface and
solid circles represent S atoms underneath. Calculations are only
performed within the shaded area; the rest of the figure is generated
based on the surface symmetry and is included for clarity. Bottom:
energy difference along the sliding pathways.

relative values between translated and untranslated systems.
As indicated in Ref. 16, the qualitative and quantitative en-
ergy differences determined in the compressive regime of
vdW interactions using the conventional LDA are suitable
for the work discussed here.

III. RESULTS AND DISCUSSION

The static potential energy surfaces for interlayer sliding
of the MoS, (001)/MoS, (001), MoO;5 (001)/MoO; (001),
and MoOj; (001)/MoS, (001) interfaces are shown in Figs.
6-8, respectively. The contour plot at the top of each figure
maps the potential energy surface as a function of displace-
ment in the X and Y directions, as determined from the DFT
calculations. The dark shaded area represents the periodically
repeating planar unit cell of the surface. Within this area, the
energy was determined on a 6 X 5 grid in the X-Y plane. The
potential-energy surface determined at these 6 X 5 individual
points is repeated a number of times in X and Y to enable the
energy surface to be more clearly seen as the lightly shaded
area. The open circles represent the positions of atoms at the
sliding interface from the top slab, in specific, S for MoS,, O
for MoO3;, and O for MoO3/MoS,. The solid circles repre-
sent atoms at the top atomic plane of the lower sliding sur-
face, which are S for MoS,, O for MoO;, and S for
MOO3/ MOSQ.

As shown in Fig. 1, the S atoms on the (001) surface of
MoS, form an array of equilateral triangles. There are two
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FIG. 7. Static potential energy surface of MoOj as a function of
position. Top: contour plot of energy difference as a function of
displacement in X and Y directions (parallel to the sliding surface).
Open circles represent O atoms on the top of sliding interface and
solid circles represent O atoms underneath. Bottom: energy differ-
ence along the sliding pathways.

equivalent arrangements of this two-dimensional (2D) net.
One is shown by the solid circles in Fig. 6, and it indicates
the positions of the S atoms at the sliding interface from the
top slab. The other equivalent arrangement is shown by the
dashed open circles. As indicated in Fig. 6, the maximum
energy of 0.15 eV/atom occurs when the S atoms at the slid-
ing interfaces are right on top of each other. However, the
energy at the dashed open circles is only 0.03 eV/atom.

From this energy surface, it is possible to predict the en-
ergetically favored path taken during sliding. In order to
avoid the peak energy barrier, the upper MoS, layer will take
a “zigzag” route (path I) over the positions indicated by the
dashed open circles. The more direct route (path II) is
strongly unfavorable because of the large energy peaks. Such
zigzag paths are also predicted in potential surfaces similar
to the MoS, (001) surface, such as the graphite or diamond
(111) surface.'?

As shown in Figs. 2 and 7, the O layers of MoO; (001)
sliding interface form two rectangular 2D lattices translated
to each other by [1/2, 1/2]. In the perpendicular direction
(Z direction), the spacings between oxygen planes in neigh-
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FIG. 8. (Color online) Static potential energy surface of
MoO3/MoS, as a function of positions. Top: a contour plot of en-
ergy difference as a function of displacement in X and Y directions
(parallel to the sliding surface). Open circles represent O atoms on
the top of sliding interface and solid circles represent S atoms un-
derneath. Bottom: energy difference along the sliding pathways.

boring trilayers are 0.071 nm at zero pressure and 0.066 nm
under a pressure of 500 MPa. These remarkably small spac-
ings between the sliding surfaces result from the commensu-
rability of the opposing surfaces of low electronic corruga-
tion and lead to a prohibitively high energy of 8.6 eV/atom
when the O atoms are on the top of each; this configuration
is reached by diagonal motion of the top layer over the bot-
tom layer. Comparing the two paths indicated in Fig. 7, slid-
ing along path T along the [100] direction has an energy peak
of 0.44 eV/atom, which is about 0.03 eV/atom lower than
the energy peak along path II, which along the [010] direc-
tion. This is due to the difference of lattice parameters in the
[100] and [010] directions (0.370 vs 0.396 nm), with the
slightly larger spacing between the two (100) planes allow-
ing the O atoms to more easily slide along the [100]
direction.

In the MoO3/MoS, model, the O atoms of the MoO; slab
are located in the channels formed by the S atoms of MoS,
substrate (Fig. 8). For motion perpendicular to the S channel
direction, [010], the energy maximum is 0.18 eV/S atom. By
contrast, along the S channels, [100], the energy maximum is
only 0.013 eV/S atom. The potential surface has essentially
the same shape as predicted by the tight-binding calculations
of Smith ef al.’> However, they predicted an energy maximum
of 0.04 eV/S atom for sliding perpendicular to the channel
direction at zero pressure. Limited by computer resources
available at the time their study was carried out, their
Mo0O3;/MoS, model consisted of 56 atoms (Mo;40,4S¢) and
was heavily distorted. With a larger system, and a more pre-
cise description of the interactions in the system, the value
predicted by our calculation should be more accurate. Con-
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TABLE I. Estimated friction force along the preferred path (path
I in each of Figs. 6-8).

Lateral friction

Normal force force
Systems (nN/atom) (nN/atom)
MoS, 0.042 0.058
MoO; 0.086 0.352
MoO3/MoS, 0.070 0.011

sistent with the model proposed by Sheehan and Lieber’ and
by Smith et al.;? these results demonstrate that friction aniso-
tropy can be predicted from static potential energy surface
calculations of the MoO3;/MoS, model.

Using the potential energy surfaces in Figs. 6—8, we can
estimate the lowest energy paths for interlayer sliding. More-
over, the critical friction force that needs to be applied to
move the upper slab can be estimated.*> To illustrate the
approach, consider a simple system of two rigid commensu-
rate lattices separated by an atomically flat interface at zero
temperature. Suppose that the system starts from an energy
minimum and an external lateral force normal (i.e., parallel
to the interface) is applied to slide one surface over the other.
Assume the lateral force is just large enough to move the
upper slab and slowly approach to the energy maximum. The
energy difference between the energy maximum and energy
minimum is the work that must be done to the system by the
external lateral force. Therefore, the critical (i.e., minimum)
lateral force that has to be applied to move the system then
can be estimated as the slope of the different energy paths in
Figs. 6-8. The critical lateral forces for the three systems are
shown in Table I. Based on these values, the MoO3/MoS,
has the lowest critical sliding force, with sliding taking place
along the S channel direction, while MoO5 (001) should have
the highest regardless of orientation.

The above analysis is, of course, a significant oversimpli-
fication of the experimental situation in which layers do not
likely move as rigid blocks. Instead, in a physical system, it
is likely that some regions will slip, while others do not. The
regions that do slip will not settle fully into their local
minima and will interact elastically with other regions that
have not slipped. Thus, the predicted critical sliding forces
based on this approach can be expected to generally be larger
than the experimental values. In previous theoretical investi-
gations of the tribological response of graphite, Zhong and
Tomanek determined the ratio of the calculated critical fric-
tion force and applied load as a measure of the friction co-
efficient. This interpretation seems to be potentially problem-
atic because the energy surfaces are intrinsically measures of
the reversible work required to slide the layers over each
other, rather than the dissipative energy loss associated with
friction. As such, only energetic barriers to sliding are re-
ported here.

These limitations notwithstanding, the results in Table I
portray a trend in the sliding behavior as a function of com-
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position, in close agreement with previous experimental
measurements. The shear stress (friction force divided by
contact area) o of MoS, determined from macroscopic ex-
periments in a dry air environment is about 24.8 MPa. In
contrast, AFM friction data at sliding MoO3/MoS, interfaces
yield o=1.1 MPa.” Although these measurements have been
conducted on different length scales, they clearly portray a
greater resistance to sliding for the self-mated interface, in
agreement with the results of our calculation. Unfortunately,
no experimental values of shear stress (or friction coefficient)
for interlayer sliding between pristine MoO5; (001) surfaces
have reported. However, Klein and Mathey'8 performed a set
of AFM experiments and measured the friction force of mov-
ing a Si (111) tip across the MoS, (001) and a-MoO; (001)
surfaces. They suggested that MoO; has a larger friction co-
efficient than MoS, due to the larger interlayer cohesion
(proportional to shear stress) in MoOjs. In a comparison of
MoS, and oxidized MoS, coatings performed on macro-
scopic pin-on-disk experiments, Fleischauer and Lince’
stated that MoOj; can display reasonably low friction coeffi-
cients but not nearly as low as that of MoS,. In a general
sense, our calculations predict the same trend in MoS, and
MoOs interlayer slidings.

IV. CONCLUSIONS

Using first-principles electronic-structure methods, we
have calculated the static potential energy surface of MoS,
(001) and MoO; (001) surfaces and of the MoO;
(001)/MoS, (001) interface under pressures of 500 MPa ap-
plied normal to the sliding interface. The atomic configura-
tion at the sliding interface is a key factor to determine the
topology of the potential energy surface. From the potential
energy surface, we have directly obtained the energetic bar-
riers to sliding associated with various sliding pathways. The
relative values suggest that it is easiest to move MoOj; over
MoS, along the channel direction formed by S atoms at the
sliding surface and hardest for MoO;5 (001) interlayer sliding,
which is in general agreement with experimental observa-
tions. The oxidation of MoS, to form MoOj; generally has an
adverse effect on lubrication properties. However, both cal-
culations and experiments suggest that friction between pris-
tine MoOs/MoS, interfaces is extremely small along the
channel direction, even smaller than that of MoS,. Greater
insight into the adverse effects associated with oxidation
awaits larger calculations considering surface defects and the
formation of noncrystalline surfaces, as well as atomic-scale
experimental interrogation of such interfaces.
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