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ABSTRACT: Van der Waals (vdW) interactions in seven typical two-dimensional (2D) bilayer
crystals, including bilayer graphene, MoS,, WS,, phosphorene, TaSe,, SnSe, and WS,/MoS,
heterostructure are examined by first-principles calculations. While the local density
approximation (LDA) predicts a wide variety of binding energies ranging from 9 meV/A? in
bilayer graphene to 34 meV/A? in bilayer SnSe, calculations with vdW corrections at the vdW-
DF?2 level yield a universal binding energy: ~19 meV/A2, in close agreement with previous report.
A detailed analysis of the charge density redistribution induced by the interlayer coupling reveals
a dramatic difference predicted from LDA and vdW-DF2 among these layered systems, which
span from semiconductors, semimetals to metals. Finally, effects of interlayer coupling on the
electronic and vibrational properties of recently fabricated WS,/MoS; heterostructure are
discussed.
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1. Introduction

Van der Waals (vdW) interactions, first proposed in real gases and liquids by van der Waals in
1873 [1], are ubiquitous in biological, chemical and condensed matter systems [2-7]. This long-
range attractive interaction arises from instantaneous dipoles induced by quantum charge
fluctuations around nucleus on each chemical species [2, 3], and plays a crucial role in many
phenomena such as protein folding. Thanks to the recent developments on both theoretical
methods [8-13] and experimental techniques [14], vdW interactions receive explosive attention
in recent years [14-19], and its study spans almost all areas of natural sciences [2-7].
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The advent of graphene [20-23] and other two-dimensional (2D) layered materials [24-26] has
opened an era for exploring vast potentials of 2D materials. In these so-called vdW systems,
including few-layer graphene [22], transition metal dichalcogenides (TMDs) [27-29], few-layer
phosphorus [30-32], and SnSe [33], the vdW interaction provides a decisive force to stabilize the
crystal structure along the stacking direction. Owing to this weak interlayer coupling, it is now
possible to choose and stack atomic layers of arbitrary compositions to build desired layered
heterostructures [34-37], which would be otherwise impossible to synthesize via other known
methods. Heterostructures such as BN/graphene [38-41], MoS,/graphene [42, 43], and WS,/
MoS; [44, 45] have been successfully demonstrated in experiments, which exhibit remarkable
electronic and optical properties [36, 44-46]. While vdW interaction has been widely studied in
the past decades, insights into this force are still limited, particularly in 2D layered atomic crystals
[48-50]. A thorough understanding of the vdW interactions among nanomaterials will form a
crucial step towards the design of vdW-based 2D materials for diverse applications. The large
variety of 2D atomic crystals, on the other hand, offers a versatile platform to study fundamental
vdW interaction itself in condensed matter physics [17].

In response to the rapid progress in 2D material research, we present here a first-principles study
of the vdW interactions in seven typical bilayer crystals, including bilayer graphene (BLG), MoSo,
WS,, TaSe,, bilayer phosphorene (BLP) [47], SnSe, and WS,/MoS; heterostructure, as shown in
Fig. 1. For each bilayer crystal, we consider the most stable structure that has been theoretically
predicted in literature and/or observed in experiments. For example, bilayer MoS; will follow the
stacking geometry of bulk 2H-MoS:; (c.f. Fig. 1(e)), and bilayer graphene will be AB-stacked (c.f.
Fig. 1(a)), etc. Note that the selected systems have shown great potentials for diverse applications,
and exhibited a wide range of electronic properties, including semimetals (BLG), metals (TaSe:),
and semiconductors (BLP, MoS,, WS, WS»/MoS,, and SnSe).

SRR T N KW ‘%ﬂ{“ SHHitle

0.°.0°0 Ro0R0R LS i 7 7t 7 ¢¢¢¢ [ e o o o ]

D

I g i mnnree Qidddase WY DAS444
d dmdim' oLt syt e dI‘m “““ df“’“*‘“’

Top view Side view

g8 Joi B 8 N N N S N W 575757
ot O : o N N R ; VA
c a . = . . 7 v kn ¢a¢° Y % A
(a) BLG (b) TaSe, (c) SnSe (d) BLP (e) MoS,  (f) WS,/MoS, (9) WS,

OC ©OTa ©Se OW OMo Os ©Osn OP

Figure 1. Atomic structures for all the seven bilayer crystals considered in this work. The interlayer
separation d, the lattice parameters a and b are indicated on the top view of each lattice. The area of the unit
cell for each crystal is shaded. Note that d is defined as the thickness of the vacuum region between two
layers, not the usual interlayer distance. Among the seven crystals, (c) and (d) possess rectangular unit cell,
while all others are hexagonal lattice. Upper row: side view; Lower row: top view.

The binding energy Es, which is defined as the energy needed to separate the two layers from the
equilibrium separation to an infinite distance, is a key quantity for the discussion of vdW
interactions and the layer-related properties, e.g., the exfoliation energy, stacking fault energy,
and surface energy. Graziano et al. [48] have reported improved implementations of vdW-
functionals applied for studying 2D compounds such as BN, graphene, and several TMDs.
Bjorkman et al. [49] reported a universal binding energy of about 20 meV/A? in several 2D
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crystals. His recent work [50] further studied the performance of vdW functionals in predicting
the structural parameters in layered crystals. In this work, we will address the following remaining
questions: 1) How does the binding energy change in other semiconducting systems such as black
phosphorous and SnSe? 2) What is the charge density redistribution induced by the interlayer
coupling? And 3) how does the vdW corrections affect the electronic band structure and
vibrational properties? We study Ej in the above mentioned 2D materials and reveal the common
nature of the vdW interaction in these crystals. We will then discuss effects of interlayer coupling
on the electronic and vibrational properties of WS>/MoS; heterostructure. The knowledge from
this study will advance the design of 2D heterostructures using various constituent 2D layers, and
further provide clues for probing the weak vdW interactions.

The paper is organized as follows. In Section II, we briefly present the calculation details. In
Section III, the results will be discussed. A summary will be given in Section IV.

2. Calculation Details

Our ab initio calculations are performed using the VASP code [51, 52] at three different levels:
local density approximation (LDA), generalized-gradient approximation (GGA) with PBE [53],
and PBE with vdW-DF2 corrections [10-12]. The cutoffenergy in the plane wave expansion is
500 eV. A Monkhorst-Pack uniform k-grid of 36x36x1 is employed for metallic BLG and TaSe,
while a shifted 12x12x1 k-grid are used for semiconducting bilayer crystals such as MoS,. A
vacuum region of more than 30 A is introduced along the out-of-plane (z) direction to eliminate
spurious interactions among periodic images. The optimization of both the lattice parameters and
atomic positions have been performed unless the stress is less than 1 kB and the forces on atoms
are less than 0.02 eV/A. All the self-consistent calculations are converged until the energy change
is within 1x10° eV. For the vibrational properties and Raman spectra, we employ the Quantum
Espresso (QE) code [54].

The seven bilayer crystals considered here have different number of atoms in the unit cell, ranging
from 4 atoms in BLG, 6 atoms in MoS, and WS, to 8 atoms in BLP and SnSe (see Fig. 1 for the
unit cells). In addition, most of these crystals possess sublayer structure. For example, monolayer
MoS; actually has S-Mo-S trilayer structure. To compare the binding energy on an equal footing,
one could use energy per atom or energy per unit area. Here, we calculate E, in two different
forms: one is the “raw” energy Ey' - the binding energy per unit cell, and the other is the binding
energy per unit area of the 2D lattice E,* = E," /A, with A the 2D area of the unit cell. As will be
seen below, the results of Ey* reveal a common nature of vdW interactions in all of these 2D
materials, in agreement with previous work [49].

3. Results and Discussions

The evolutions of the total energy per unit cell, calculated from LDA, GGA, and vdW-DF2, are
presented as a function of interlayer separation d on the upper row of Fig. 2, respectively. The
corresponding total energy per unit area are shown on the lower row in Fig. 2. In all cases, the
energy at d > 8 A is nearly constant, and therefore establishes a reference point, which has been
shifted to zero. From Fig. 2, one can see that all the E-d curves exhibit a similar trend: the total
energy reaches minimum at the equilibrium separation d = do; it increases dramatically to be
repulsive when the separation decreases d < do; when d > do, the energy slowly increases to a
constant value, approaching the energy of two isolated monolayers. The trend of the E-d curves
is similar to the famous Lennard-Jones (LJ) potential Er; = A/r'? -B/tS, with the second term
describing the instantaneous dipole-dipole interaction.
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By determining the difference between minima and the reference point, the binding energy E, can
be calculated, as schematically indicated for SnSe in Fig. 2(a) and 2(b), respectively. All the
calculated results have been summarized in Table L.
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Figure 2. Evolution of total energy as a function of the interlayer separation d calculated from LDA (first
column), GGA (middle column) and vdW-DF2 (third column). (a), (c), and (e) show the total energy per
unit cell as a function of d. (b), (d) and (f) show the total energy per unit area as a function of d. Note that
the total energy at the d > 8 A has been set as a reference. As an example, the binding energies Ey," and Ex™
at equilibrium separation d0 are explicitly indicated for the SnSe in (a) and (b), respectively.

We focus on the Ey,” as listed in the last column of Table I, inferred from Fig. 2(b), 2(d) and 2(f).
The LDA predicts a wide range of Ey" in 2D materials, from 9 meV/A? in BLG to 34 meV/A? for
SnSe. The metallic charge-density wave material TaSe, has a Ey* of 17 meV/A2. Clearly, the LDA
results could be categorized into three different coupling regimes: strong, intermediate, and weak.
The strong vdW binding occurs for tin monochalcogenide and black phosphorene, with Ey*
almost four times the value in BLG. This is mainly due to the much smaller interlayer separation
d calculated from LDA. The intermediate regime includes TaSe,, which is only half of that of
SnSe. The weak regime includes semimetallic graphene and semiconducting TMDs, such as
MoS,, WS, and their heterostructure, roughly ~10 meV/A2 On the other hand, GGA predicts a
somewhat similar behavior, as shown in Fig. 2(d), but the absolute values are significantly smaller.
For SnSe, the binding energy is only ~10 meV/A2, about 1/3 of the LDA value, while BLG has
only 0.5 meV/A2 The result of TaSe2 falls in between.

In contrast, the vdW-DF2 shows a dramatically different behavior. Although Fig. 2(e) presents a
wide range of absolute values from 97 meV/unit cell in BLG to 397 meV/unit cell for SnSe, the
Ey" reveals a surprisingly universal binding energy in all of these 2D materials, as shown in Fig.
2(f). Specifically, all of these Ey* falls between 18~19 meV/A2. These results can be identified
more clearly from the column bar plot in Fig. 3(a).
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The calculated E,* are in good agreement with previous work [49]. Table I also lists the available
binding energies within random-phase approximation (RPA) from [50]. The RPA data are
believed to be the most accurate theoretical values and are used as benchmarks for evaluating the
performance of vdW exchange-functionals [11, 48, 50]. Our calculations show very good
agreement with the RPA results, as can be seen from Table 1. The universal binding energy is also
consistent with the equilibrium separation d, as schematically shown in Fig. 3(b), which falls into
a small range of 3.2~3.5 A.
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Figure 3. Column bar diagram of (a) the binding energy Ey” and (b) the equilibrium separation d0 as listed
in Table 1.

Table I also lists the obtained structure parameters. Three general observations emerge
immediately: (1) In each crystal, LDA yields smallest lattice parameters, while GGA predicts the
largest. The results from vdW-DF2, on the other hand, fall in between. This is particularly evident
for the area of the unit cell A. (2) The equilibrium separations d predicted in LDA are significantly
smaller than those of GGA and vdW-DF2. For example, in BLG, LDA predicts dy = 3.326 A,
about 28% and 5.6% smaller than the values of GGA (4.245 A) and vdW-DF2 (3.513 A). In all
crystals except SnSe, the vdW-DF2 compromises results of LDA and GGA. (3) In SnSe, the vdW-
DF?2 predicts a significantly larger do = 3.245 A: 17% larger than the LDA value (2.698 A), and
even 8.7% larger than the GGA value (2.96 A).
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Table 1. The exchange-correlation (XC) functional, the calculated lattice parameter(s) a (b), the unit cell
area A (A2) of the unit cell, the equilibrium interlayer separation do (A), the binding energies Ep," (meV/unit

cell) and Ey* (meV/A?2) for each bilayer system. The values shown in parenthesis are the RPA results from
Ref. [50].

System Xc a(b) A do Ey" Ey*
BLG LDA 2.448 5.19 3.326 48 9.3
GGA 2.468 5.27 4.245 2.6 0.49
vdW-DF2 2.477 5.31 3.513 97 18.3 (18.3)
WS LDA 3.107 8.36 3.060 80 9.6
GGA 3.181 8.76 4.033 1.92 0.22
vdW-DF2 3.278 9.31 3.264 167 17.9 (20.2)
MoS: LDA 3.136 8.52 3.131 81 9.5
GGA 3.183 8.77 3.990 2.0 0.23
vdW-DF2 3.284 9.34 3.261 169 18.1(20.5)
WS2/MoS2 LDA 3.122 8.44 2.922 86 10.2
GGA 3.181 8.76 4214 3.4 0.39
vdW-DF2 3.280 9.32 3.333 166 17.8
TaSe2 LDA 3.378 9.88 2.826 170 17.2
GGA 3.467 10.41 3.891 12.0 1.15
vdW-DF2 3.578 11.09 3.331 206 18.6 (19.4)
BLP LDA 3.261,4.211 13.73 2.882 387 28.2
GGA 3.303, 4.590 15.161 3.477 41.4 2.73
vdW-DF2 3.384,4.752 16.08 3.463 306 19.0
SnSe LDA 4.104,4.220 17.32 2.698 594 34.3
GGA 4.256,4.453 18.95 2.96 194 10.2
vdW-DF2 4.393,4.723 20.75 3.245 397 19.1

We would like to remark that the binding energy in vdW materials also depends on the stacking
geometry. For example, the AA-stacked bilayer graphene is calculated to be Ey* = 16 meV/A2,
slightly smaller than the AB-stacked BLG. We expect that other stacking order such as twisted
bilayer graphene would fall in between these two limiting cases.

Why does the LDA predict distinct binding energy from vdW-DF2? To clarify the origin, we
examine the charge density redistribution induced by the interlayer coupling. The charge density
difference, Ap, is defined as Ap = p; - p1 - pu, With py, pi, and pu the charge densities of bilayer,
lower layer and upper layer, respectively. All the charge densities are calculated using the same
supercell and parameters. Hence, a positive Ap indicates charge accumulation, while a negative
Ap implies charge depletion induced by weak interlayer coupling. The results have been shown
for each crystal in Fig. 4. We find that in LDA, there will always be a charge accumulation
between the two layers. This is particularly evident in BLG, as shown on the first row in Fig. 4.
From BLG to SnSe (see the left column in Fig. 4), the charge redistribution of LDA becomes not
so evident. Nevertheless, overall there is a charge overlap from LDA. This is understandable,
since DFT will always predict a ground state with “bonding” between two layers. As a result,
LDA predicts a smaller interlayer separation.

In contrast, the vdW-DF2 shows a completely opposite behavior of the charge density difference
Ap: charge density is depleted between two layers because of the interlayer coupling, as shown
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on the right column of Fig. 4. This is particularly evident in BLG and MoS,. Overall, there is a
charge depletion between two layers within vdW-DF2.

LDA vdW-DF2

Figure 4. Isosurface of charge density difference Ap. Yellow denotes charge accumulation while cyan
green denotes charge depletion. The isosurface level is at approximately £1x10* e/A3 for most systems.

VdW Heterostructures have attracted a lot of attention in recent years [37]. Here we focus on the
results of WS»/MoS; heterostructure. From Fig. 4, LDA yields an unusual charge redistribution
for WS,/MoS; heterostructure as compared with other bilayer crystals: Only the bottom WS layer
shows a visible charge redistribution under the influence of the upper MoS; layer, while little
charge density difference occurs on the upper MoS, layer. This result is distinct from the result
of vdW-DF2, in which a significant charge redistribution takes place on both WS, and MoS;
layers.

Fig. 5(a) shows the electronic band dispersions of WS,/MoS, heterostructure along the high
symmetric I'-K-M-I" direction in both LDA and vdW-DF2. Within LDA, there is an indirect band
gap of about 1.4 eV, while the vdW-DF2 lowers the conduction band near K by more than 0.6
eV. Consequently, the indirect band gap in vdW-DF2 becomes only 0.8 eV. Besides the structural
parameters and binding energies, the vdW corrections induce remarkable effects on the valence
band and conduction bands in this 2D heterostructures.

On the other hand, vdW interactions seem to have very small effects on the vibrational properties.
The Raman spectra of WS,/MoS; are simply the combination of constituent monolayer MoS; and
WS,. In Fig. 5(b), we show the LDA results of the Raman spectra of monolayer MoS,, monolayer
WS,, and WS,/MoS:; heterostructure, respectively. The Raman peaks in WS,/MoS; are located at
353.7, 384.8, 404.3, and 417.0 cm™, a clear combination of Raman peaks of individual layers.
Specifically, the modes at 384.8 and 404.3 cm™ correspond to the E' (383.5 cm™) and A'l (403.1
cm™") modes in monolayer MoS,, respectively, while the modes at 353.7 and 417.0 cm™' originate
from those from WS, (356.8 and 417.5 cm™, respectively). Unnoticeable shift on the order of 1
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cm™ is observed. Our calculations are in good agreement with experimental data [45]. Despite the
overestimation of the binding energy in WS2/MoS,, LDA seems to predict surprisingly accurate
vibrational properties in this vdW heterostructure.
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Figure 5. (a) Band structure of WS2/Mo0S, heterostructure calculated with LDA (black solid) and vdW-
DF2 (red dashed). The valence band maximum (VBM) at I" has been shifted to zero. (b) The calculated
Raman spectra of monolayer WS; (black dashed), MoS; (blue solid) and WS,/MoS; heterostructure (pink
shaded). The peak positions of Raman-active E' and A'l modes in monolayer MoS; and WS; have been
indicated, respectively.

4.  Summary

In summary, we present a first-principles study of the vdW interactions in 2D materials. While
LDA predicts a wide range of binding energies, the advanced calculations at the vdW-DF2 level
yield a universal value of ~19 meV/AZ revealing a common nature of all these 2D systems. In
addition, analysis of charge density difference shows a dramatic difference between LDA and
vdW-DF2: Within LDA, there is a significant charge accumulation between two layers, while a
charge depletion occurs with vdW-DF2. Furthermore, the vdW-DF2 exhibits a remarkable
reduction on the indirect band gap in WS,/MoS; heterostructure, implying an evident effect of
interlayer vdW coupling on the electronic properties in this system. In contrast, the vibrational
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properties seem insensitive to the vdW interactions: The Raman spectra of WS»/MoS,
heterostructure are simply the combination of those from individual layers, in good agreement
with experimental observation.

It has been generally believed that LDA will overestimate the vdW bonding in layered crystals,
while GGA significantly underestimates it. However, as can be seen from Table I, the LDA Ey*
of in BLG, MoS,, WS,, and WS,/MoS, are roughly 50% of those calculated with vdW-DF2. In
TaSe2, the LDA result is close to that of vdW-DF2. Only in BLP and SnSe the LDA yields
significant larger binding energy than vdW-DF2.

We would like to emphasize that the origin of the dispersion forces - nonlocal electron-electron
correlations - makes their accurate theoretical description very challenging. This is especially true
for DFT where local or semilocal functionals lack the necessary ingredients to describe the
nonlocal effects [11, 15, 19]. In fact, developing methods that include dispersion, at least
approximately, has been one of the most important fields of development in DFT in the last decade
[19]. Although the vdW-DF2 has been proven to be very successful in many systems, further
experimental work is needed to verify the validity of this correction in 2D crystals.

On the other hand, the versatile combinations of various 2D materials provide an important
platform for studying the fundamental nature of the vdW interactions both theoretically and
experimentally. In contrast to the molecular systems and other biological systems, 2D materials
might provide a relatively convenient system to fabricate, measure and study the vdW interactions.
Our results call on further experimental work on the fundamental nature of vdW interactions in
2D materials.
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