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ABSTRACT: We use hybrid density functional theory, including
van der Waals interactions, to study the elastic properties of bulk
molybdenum disulfide (MoS2). We determine a complete,
consistent set of accurate values for elastic constants, overcoming
the inconsistencies in the reported values in the literature. We also
elucidate the changes in materials properties that occur when
hydrostatic pressure is applied. The compression ratio, the
transition from semiconductor to semimetal, and the pressure
dependence of the elastic constants are discussed. The good
agreement with experiments for small hydrostatic pressures
validates our methodology and our calculated values for the elastic constants.

■ INTRODUCTION

MoS2 is a layered material in which the layers are weakly bound
by van der Waals (vdW) interactions. Recently, it has attracted
a lot of attention for use in electronic devices. Monolayers,
multilayers, and bulk have all been used in prototype FETs.1−4

In this paper we will focus on bulk MoS2. Accurate knowledge
of the mechanical properties of MoS2 is important for future
device applications, for example, when MoS2 is deposited on a
flexible substrate.5 Strain significantly affects the electronic
structure, and a number of experimental and theoretical studies
have already been performed to investigate the effect of strain
on the properties of monolayer, bilayer, and bulk MoS2.

6−14

None of these investigations, however, focused on the elastic
properties.
Traditionally, bulk MoS2 is used as a dry lubricant, because of

its very low friction coefficients.15 These lubricating properties
are retained under high pressures. The elastic constants
determine the utility of a material as a lubricant.16 Elastic
constants enter into the relationship linking strain (deforma-
tion) of a material and the stress/pressure applied to it. In a
hexagonal material such as MoS2 there are five independent
elastic constants. An experimental determination was reported
by Feldman17 based on combining neutron data18 and linear
compressibilities.19 However, there are substantial differences
between the resulting values and theoretical calculations.20−22

The reported theoretical values also display significant
inconsistencies.
Here we address this issue by performing state-of-the-art

hybrid functional calculations of the elastic constants in bulk
MoS2. The vdW interactions are explicitly included. We also
specifically investigate the effects of hydrostatic pressure,
shedding light on experiments. Consequences for the electronic
structure are also discussed.

■ COMPUTATIONAL METHODS

van der Waals interactions play an important role in MoS2.
Traditional functionals in density functional theory (DFT) do

not include these interactions. We explicitly include vdW
interactions by using the semiempirical Grimme D2 correc-
tion,23 which describes the interactions by a pairwise force field.
To obtain accurate electronic band structures as well as
accurate atomic structures, we use the screened hybrid
functional of Heyd, Scuseria, and Ernzerhof (HSE06),24,25

which overcomes the band gap underestimation inherent in
traditional functionals such as the local-density approximation
or generalized-gradient approximation (GGA). We will call this
combination of HSE06 with the D2 correction HSE06-D2. We
also tested the more recent D326 method in combination with
HSE06. The results obtained with D3 are very similar to those
obtained with D2, with marginally better performance for the
D2 results that are reported here. We use projector augmented-
wave pseudopotentials27 as implemented in the VASP code,28

with a plane-wave cutoff of 400 eV and a 6 × 6 × 2
Monkhorst−Pack k-point grid.29 The elastic constants are
determined using the stress−strain relations (Hooke’s law) by
deforming the unit cell. Three different deformation patterns
are sufficient to obtain all elastic constants. We use the Voigt
notation for the indices.

■ RESULTS AND DISCUSSION

The calculated elastic constants are reported in Table 1, where
they are compared with experimental17 and previously
calculated values.20−22 None of the other calculations included
vdW interactions. We obtain overall good agreement with
experiment, especially for c11, c33, and c44, which are all
determined from neutron scattering data.17 For c12 we find the
opposite sign compared to experiment. Reference 20 reported
the same positive sign as we found, while refs 21 and 22
obtained a negative sign; we note that these last two references
are from the same group of authors. For c13 the range of values
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reported by the different theoretical calculations is large, which
can be attributed to the lack of inclusion of vdW interactions.
Our value differs from experiment by a factor of 2, though it
should be noted that the absolute value of c13 is quite small. c12
and c13 are not determined directly, in experiment, but via the
linear compressibilities, and measurement of the latter is
probably complicated by the lubricating properties of MoS2.
Feldman17 used linear compressibility values from ref 19; the
latter report an in-plane zero-pressure lattice constant of 3.19 Å,
substantially larger than that of pure MoS2 (3.16 Å at room
temperature),30 creating additional experimental uncertainties.
A number of studies of MoS2 have focused on its behavior

under high pressure, because for its application as a lubricant it
is important that it maintains its structure under pressure.
Diamond anvil cells have been used, in which the samples are
subjected to hydrostatic pressure. We compare our results with
the experimental results of refs 19 and 31. Figure 1 shows the

lattice parameters expressed as a percentage of the equilibrium
lattice parameters for hydrostatic pressures up to 40 GPa. This
allows comparing a (in-plane) and c (out-of-plane) directly and
avoids complications due to the different equilibrium a lattice
constant observed by Webb et al.19 Our results are in excellent
agreement with those of Webb et al.,19 who reported results up
to 4 GPa. The agreement with the values of Aksoy et al.31 for
the a lattice parameter is also very good up to 25 GPa; Aksoy et
al. stated that a phase transition might occur at this pressure.
The c lattice parameter of Aksoy et al.31 is larger than the
calculated values. The discrepancy may be due to the already
mentioned experimental uncertainties, as well as some
inconsistencies in ref 31.a Overall, the good agreement,
especially at small pressures, validates our calculations and
our values for the elastic constants.

More information can be extracted if we plot the ratio of the
change in c lattice constant versus the change in a lattice
constant. This is equivalent to the ratio of the strains in the z
direction versus the x direction. This ratio εzz/εxx, plotted in
Figure 2, is significantly larger than 1, indicating that the

material can be much more easily compressed along the c
direction than along the in-plane directions. Both the calculated
and experimental results decline monotonically (except for the
Aksoy31 results above 25 GPa, as discussed above). The weak
van der Waals interactions between the layers are responsible
for this behavior: although initially compression along c is easy,
it becomes increasingly more difficult due to an increase in
interaction strength between the layers as the interlayer
distance increases.
The change in εzz/εxx observed in Figure 2 is indicative of

nonlinear behavior, which means that the elastic constants
derived above are only valid in a narrow range of stresses/
pressures near the equilibrium volume. The stress/strain
relationships become nonlinear at larger stresses. A full
description of this behavior is very complex and beyond the
scope of the present investigation; here we focus on the values
of elastic constants that correspond to different hydrostatic
pressures, which has been the common means of experimental
investigation. Figure 3 shows that the calculated elastic
constants vary linearly with pressure over the range of
hydrostatic pressures up to 40 GPa. The slope of the linear
fits as a function of the hydrostatic pressure differs substantially
between the elastic constants: c11 and c12 increase by a relatively

Table 1. Elastic Constants (GPa) of MoS2 Obtained Using
Different Methods

this work
HSE06-D2 expa GGAb GGAc

periodic
HFd

periodic
HFc LDAc

c11 238 238 211 211 255 218 240
c12 64 −54 49 −62 −38 −21 −63
c13 12 23 3 26 17 39 32
c33 57 52 37 42 35 59 53
c44 18 19 30 19 15 30 26

aReference 17. bReference 20. cReference 21. dReference 22.

Figure 1. Variation of the lattice constants a and c under hydrostatic
pressure. The lattice parameters are referenced to their equilibrium
values (corresponding to 100%). Our results calculated with HSE06-
D2 are compared with the experiments by Webb et al.19 and by Aksoy
et al.31

Figure 2. Ratio εzz/εxx as extracted from our calculations and from the
experimental data by Webb et al.19 and by Aksoy et al.31 The inset
shows a ball-and-stick model of MoS2, with the unit cell and axes
indicated.

Figure 3. Elastic constants of MoS2 calculated at different hydrostatic
pressures. Symbols indicate the calculated values, and the lines are
linear fits.
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modest factor of 2 over the pressure range, whereas the other
elastic constants increase by almost an order of magnitude.
The application of pressure results in changes in the

electronic structure. A very important quantity is the band
gap. In some semiconductors, pressure can lead to a decrease in
the band gap, ultimately closing the gap, i.e., resulting in a
semimetal. We observe this behavior in MoS2, where the band
gap closes at a hydrostatic pressure of 35 GPa, as shown in
Figure 4. This result differs from the value of 25 GPa calculated

by DFT in ref 32; this can be attributed to the use of a GGA
functional in that work, which severely underestimates band
gaps. It also differs from the work by Wei et al.,20 who also
performed GGA calculations but did not observe a transition to
a semimetal at pressures up to 40 GPa. The difference between
the two GGA results might be explained by the absence of vdW
interactions in the work of Wei et al.20

The valence-band maximum is located at the Γ point over
the entire pressure range considered here. At zero pressure, the
conduction-band minimum is at the K point, with the Λmin
point (on the high-symmetry Γ−K line) only slightly higher in
energy. As soon as pressure is applied, Λmin becomes the lowest
energy minimum and remains so over the pressure range up to
40 GPa. We can understand this behavior in terms of the two
components of pressure: a reduction of the lattice parameters in
the in-plane direction leads to a shift of the conduction-band
minimum from the K to the Λmin point.

11 This is accompanied
by a small increase in the magnitude of the band gap, but this is
more than compensated by the much larger decrease (Figure 1)
in the c lattice parameter, which is known to lead to a decrease
in the band gap.11 The combination of in-plane and out-of-
plane strain thus leads to a decrease in the magnitude of the
band gap, with Λmin as the conduction-band minimum. This
decrease leads to a transition to a semimetal for a hydrostatic
pressure of 35 GPa.

■ CONCLUSIONS

We have calculated values for the elastic constants of MoS2
based on DFT with a hybrid functional and explicit inclusion of
vdW interactions. We obtain good agreement with experiments
for the variation of the lattice parameters under hydrostatic
pressure, which provides validation of our methodology.
Distinct nonlinearities in the elastic behavior are observed as
a function of increasing hydrostatic pressure. For pressures
larger than 35 GPa, MoS2 becomes semimetallic.
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■ ADDITIONAL NOTE
aThe values included in Figure 1 are taken from Table 1 of ref
31. These values are different from the ones plotted in Figure 4
of the same reference. The text mentions a consistent decrease
in values, in contrast to what is shown in Figure 4. No
explanation for theses difference is given in ref 31.
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