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1. Introduction

2D transition metal dichalcogenides (TMDC) and vertical 
van der Waals heterostructures [1] are emerging functional 
materials for applications involving ultra-responsive photo-
dectection [2], valleytronics [3], photonics and transistors for 
nanoelectronics [4–6]. Optical and electronic excitation is a 
promising method for modulating electronic structure and 
properties of these 2D materials [7, 8], complementing more 
traditional techniques like chemical doping [9] and interca-
lation [10], thermal treatment [8, 11] and lattice strain [12]. 
In-plane lattice dynamics in graphene and other layered mat-
erials like TMDCs has been investigated extensively [13–15]. 

Recent ultrafast electron diffraction experiments and theor-
etical calculations on these systems have demonstrated soft-
ening of speci!c vibrational modes re"ecting a collective 
distortion of covalent bonds due to mild and moderate elec-
tronic excitation [16, 17]. Higher optical intensities and corre-
spondingly greater photogenerated carrier concentrations can 
cause bond-cleavage or increased reactivity in both bulk and 
layered materials, which can be utilized for photocatalytic 
applications [18–21]. While the effect of strong excitation 
on the covalent network is known, its impact on the crystal 
structure along the out-of-plane direction dominated by long-
range van der Waals forces is only just beginning to be exper-
imentally explored, thanks to the development of electron 
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sources with femtosecond resolutions [22]. The recent work 
by Mannebach et  al provides initial insights in this !eld, 
exposing the non-trivial behavior of van der Waals interaction 
modulated by mild photoexcitation [23]. To better understand 
this phenom enon, we used non-adiabatic quantum molecular 
dynamics (NAQMD) to model atomic motion in photoexcited 
MoS2 bilayers.

2. Results

The impact of instantaneous photoexcitation on the crys-
tal structure along the non-covalently-bonded direction is 
quanti!ed through the separation between MoS2 mono-
layers, c, at different times after excitation. This inter-layer 
distance is equal to the vertical (i.e. out of plane) separa-
tion between atoms in each MoS2 monolayer in the simula-
tion cell. Interplanar distance re"ects the time-dependent 
response of atoms to deformations in the energy landscape 
of the excited crystal and can help in understanding and tun-
ing ionic motion along the non-covalently-bonded directions. 
Figure 1(a) depicts the MoS2 bilayer crystal in the 2H struc-
ture. At time t  <  0, prior to photoexcitation, the two MoS2 
layers are separated by 6.228 Å, equal to the out-of-plane 
lattice parameter obtained from a zero-Kelvin density func-
tional theory (DFT) calculation. Electronic excitation due to 
optical irradiation is modeled by modifying the occupancy of 
Kohn–Sham electronic energy levels at t  =  0, which are then 
propagated in time using time-dependent density functional 
theory (TDDFT). Figure 1(b) depicts the evolution of Kohn–
Sham eigenlevels and their occupancies when 6 electrons are 
excited from the Valence Band of the MoS2 bilayer crystal to 
the Conduction Band. At t  =  125 fs, non-adiabatic electron 
dynamics is simulated through surface hopping., as detailed 
in the Methods section.

The time-dependent inter-layer separation in photoexcited 
bilayers for various excited charge carrier densities is shown 
in !gure  2(a), along with the calculated inter-layer distance 
in an unexcited bilayer crystal in an adiabatic molecular 
dynamics (AMD) simulation for comparison. The measured 
c-axis lattice constant along the adiabatic MD simulation at 
10 K increases from the 0 K DFT value of 6.228 Å to over  
6.240 Å, which is consistent with the expected thermal expan-
sion of the lattice in going from 0 K to 10 K. However, the 
lattice constant measured in our NAQMD simulation of pho-
toexcited systems show an unexpected non-thermal contrac-
tion of  ≈0.02 Å for excited charge carrier densities above  
2  ×  1021 cm−3. Figure 2(b) shows the evolution of inter-layer 
separation in NAQMD simulations relative to values obtained 
from the unexcited adiabatic MD simulations, indicating that 
lattice contraction effect becomes stronger with increasing 
excitation and excited charge carrier density. Similar lattice 
contraction was observed experimentally in photoexcited MoS2 
multilayers, which were attributed to stronger van der Waals 
interactions in the excited state induced by changes in atomic 
polarizability by redistribution of electron densities [23].

However, it is important to note that our simulations 
are performed at charge carrier densities around 1021 cm−3 
which lie in the electron–hole plasma regime and are three 
orders of magnitude greater than charge carrier densities of 
1018 cm−3 probed in experiments, which lie !rmly in the 
regime of excitonic physics [23]. As a result, the magnitude 
(ηc  =  −3.2  ×  10−3 in our simulations against  −7  ×  10−4 in 
their experiments) as well as time period (τ ~ 0.2 ps in our 
simulations against ~100 ps in experiments) of inter-layer 
strain observed in these simulations differs greatly from 
experiments. Both differences point to the existence of a dif-
ferent mechanism for the rapid and strong inter-layer response 
of MoS2 in NAQMD data. In order to understand the mech-
anism responsible for the lattice contraction, we investigate 
the origin of forces on atoms in our NAQMD simulations.

3. Discussion

To understand the origin of the unexpected layer contraction, 
we decompose the total Hellmann–Feynman forces on each 
MoS2 layer, Ftot , into two components, Fatt, the attractive part 
and Frep, the repulsive component. Fatt includes all forces 
which lead to greater bonding between the two layers and a 
reduction in inter-layer separation. Frep is the summation of 
all forces that lead to an increase in inter-layer distance.

Fatt = Fnon-local + FPCC + FDFT-D, (1)

Frep = Fcoulomb + Flocal. (2)

In equation (1), Fnon-local and FPCC are the average forces on 
all atoms in a single MoS2 layer due to the non-local part of 
the pseudopotential and partial core corrections respectively. 
FDFT-D is the average van der Waals force on the atoms, com-
puted using the DFT-D2 method of Grimme [24].

Figure 3(a) shows the calculated values of Fatt at t  =  0 
for the MoS2 bilayer as a function of electronic excita-
tion. Attractive forces on the MoS2 layers increases to  
69 meV Å−1 for excited charge carrier concentrations beyond  
0.67  ×  1021 cm−3 from a value of 21 meV Å−1 in the unex-
cited ground state. Interlayer van der Waals forces, calculated 
through the DFT-D method, which is insensitive to the dis-
tribution of electronic charge density in the system, remains 
constant at all values of electronic excitation (!gure 3(b)). 
This approx imation is not inconsistent with previous reports 
of modulation of van der Waals forces due to optical exci-
tation, since these effects occur on timescales two orders of 
magnitude larger than those investigated in this study.

Instead, we have found that this large contraction in lat-
tice constant can be ascribed to variations in the magnitude 
of wave function overlap across the inter-layer van der Waals 
space. This direct bonding interaction can be quanti!ed 
through analysis of bond overlap populations (BOP). Here, 
the Kohn–Sham eigenstates are projected on to atomic orbital 
basis centered at each atomic position. Mulliken BOP are then 
calculated as the sum of overlap integrals for all pair of atoms 
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across the van der Waals gap [25]. Figure  3(c) shows the 
band-decomposed BOP for all atom pairs across the van der 
Waals gap in the ground state. The highest occupied valence 
energy level, the valence band maximum (VBM) corresponds 
to a highly negative value of BOP and represents strong anti-
bonding interaction along the c-axis. This quanti!cation is 
supported by the presence of a nodal plane along the c-axis 
(!gure 3(d)). In contrast, the four degenerate unoccupied 
energy levels from the conduction band minimum (CBM) to 
CBM  +  3 are localized on a single layer within the simula-
tion cell, and therefore do not contribute to bonding along the 
c-axis. Here, CBM  +  n denotes the nth energy level above 
CBM. Lower energy states from VBM  −  3 to VBM  −  1 are 
delocalized over both MoS2 layers and contribute to a !nite, 
positive value of BOP and a corresponding small attractive 
force between layers. Here, VBM  −  n denotes the nth energy 
level below CBM.

Moderate electronic excitation from the VBM to CBM 
(corresponding to an overall excited charge carrier density of 
n(e–h)  =  0.67  ×  1021 cm−3) leads to the depopulation of the 
strongly antibonding and repulsive VBM state and the popula-
tion of the non-bonding CBM state leading to a net increase 
in the attraction between MoS2 layers. Subsequent excitation 
(e.g. VBM  −  1 to CBM  +  1) involves promoting electrons 
from the mildly bonding occupied state to the non-bonding 
CBM states, which does not signi!cantly change the attrac-
tive interaction, consistent with the "attening of the attrac-
tive force Fatt (!gure 3(a)) for charge carrier concentrations 
beyond 0.7  ×  1021 cm−3.

In addition to thee attractive forces, electronic excitation 
also modulates the overall repulsive interaction between lay-
ers. As equation  (2) suggests, the total repulsive interaction 
between layers has two components, Flocal , the average force 
on all atoms in a single MoS2 layer due to the local part of 

Figure 1. (a) Bilayer MoS2 crystal containing 6  ×  6  ×  1 unit cells, used as the initial con!guration for adiabatic and non-adiabatic 
molecular dynamics simulations. Here, sulfur and molybdenum are depicted as yellow and brown spheres. (b) Eigenlevels near the Fermi 
energy in a simulation with a very large excited carrier density of 3.5  ×  1021 cm−3 electrons. Unoccupied, singly occupied and doubly-
occupied energy levels are indicated by color coding. Switching of level occupancies is simulated by surface hopping, indicated by the 
transition at t  =  125 fs.

Figure 2. (a) Calculated inter-layer distance, dAMD(t) for the MoS2 bilayer increases monotonically in the absence of electronic excitation 
(solid line). In contrast, the inter-layer separation in NAQMD simulations, dNAMD(t) shows a non-thermal contraction with time. (b) Time 
evolution of change of inter-layer separation in NAQMD simulations, relative to the adiabatic case, i.e. dAMD(t)  −  dNAMD(t), shows more 
pronounced lattice contraction with increasing charge carrier concentration.
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the pseudopotential and FCoulomb, the average multipolar 
Coulomb interaction between the charge densities of each 
MoS2 layer. Figure  4(a) shows the variation of the overall 
repulsive force, Frep as a function of electronic excitation, 
showing that repulsive forces increase sharply from a mod-
erate value of 20.9 meV Å−1 to 68.6 meV Å−1 with initial 
excitation of 0.67  ×  1021 cm−3. This sharp increase in repul-
sive interactions is dominated by variations in the Coulombic 
interaction. To understand the source of this interaction, we 
plot the planar-averaged electronic charge density (over the x-
y plane) of the excited bilayer relative to planar averaged den-
sity in the ground state (!gures 4(b)–(d)). These !gures show 
that charge redistribution due to electronic excitation leads 
to the accumulation of negative charge in the interlaminar 
region, leaving the MoS2 layers positively charged.

The charge redistribution pro!les in !gure 4(b) also pro-
vide qualitative insight into the nature of Coulombic interac-
tion between the photoexcited layers. The symmetric nature 
of the charge redistribution implies that there is no net charge 
transfer between layers during photoexcitation. This lack of 
charge transfer precludes the existence of monopole-monopole 

Coulomb interactions between layers. Instead, redistribution 
of electron density from the MoS2 layers to the interlaminar 
region due to moderate photoexcitation (0.67  ×  1021 cm−3) 
leads to the formation of two electric dipoles, one at each 
MoS2 layer, between the positive charge on the layer and the 
negative charge at the interlaminar region. The repulsive inter-
action between these two oppositely-oriented dipoles con-
stitutes the majority of the Coulomb interaction in !gure 4. 
Subsequent photoexcitation (greater than 1.3  ×  1021 cm−3) 
leads only to charge distribution from to both sides of the 
MoS2 layer, which does not signi!cantly change the induced 
dipole moment or the repulsive Coulombic interaction.

Figure 5(a) summarizes the attractive, repulsive and total 
force on the MoS2 bilayer system as a function of excited 
charge carrier concentration and shows the sharp increase in 
both attractive and repulsive interactions with excitation (to 
0.67  ×  1021 cm−3). Figure 5(b) shows only the total force on 
a MoS2 layer (equal to the sum of the attractive and repulsive 
forces acting on it) clearly indicating that the increase in attrac-
tive interactions is incompletely balanced by the repulsive inter-
actions, leading to a net negative (i.e. attractive) force between 

Figure 3. (a) The z-component of the average attractive force per atom in the MoS2 bilayer system as a function of charge carrier density. 
On the vertical axis, a negative value corresponds to an attractive force. (b) Average van der Waals force per atom of the MoS2 bilayer, 
computed using the DFT-D method remains constant with charge carrier concentration, and is therefore not responsible for the increase 
attraction observed in the excited state. (c) Bond overlap population between layers as a function of band. (d) A snapshot of positive (blue) 
and negative (red) ground-state quasi-wavefunction of energy states near the Fermi level. Contour surfaces are drawn at  ±  3.5  ×  10−3 
a.u.−3/2.
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the MoS2 layers. This imbalance between attractive and repul-
sive components increases with charge carrier density, lead-
ing to a net attractive force on the MoS2 layers that increases 
from 0.2 meV Å−1 in the unexcited state (which falls within the 
conv ergence threshold for the current DFT simulations) to over 
1 meV Å−1 for large excited charge carrier densities.

4. Conclusion

In summary, we have modeled changes in the out-of-plane 
lattice parameter in a model layered material, bilayer MoS2, 
using NAQMD simulations. Our simulations show a strong 
and rapid reduction of the out-of-plane lattice constant 

Figure 4. (a) The z-component of the average repulsive force per atom in the MoS2 bilayer system as a function of charge carrier density. 
On the vertical axis, a positive value corresponds to a repulsive interaction. (b) Planar-average of charge redistribution in the excited state, 
relative to the ground state, for excited charge carrier densities of 0.67  ×  1021 cm−3, 1.35  ×  1021 cm−3, and 2.03  ×  1021 cm−3 respectively.

Figure 5. (a) The z-component of the attractive, repulsive and total force between two layers in the MoS2 bilayer as a function of total 
charge carrier density. (b) Total force between layers as a function of excitation. Incomplete cancellation of attractive and repulsive forces 
results in a net attractive force that increases with increasing charge carrier density.
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(ηc  =  −3.2  ×  10−3 and τ  =  0.2 ps) upon electronic excita-
tion. The instantaneous electronic excitation leads to a large 
spatial redistribution of electron density away from inter-
laminar regions to towards the MoS2 layers. This redistribu-
tion increases both the attractive and repulsive interaction 
between layers, by respectively strengthening the out-of-plane 
overlap between MoS2 wave functions and repulsive dipole 
interactions between layers. An incomplete cancellation of 
these competing forces leads to a small attractive interaction 
between layers, leading to the observed lattice contraction in 
the out-of-plane direction.

5. Simulation methods

Adiabatic electronic structure is calculated using DFT and the 
projector-augmented-wave method [26]. Exchange-correlation 
energy is approximated with the generalized gradient approx-
imation (GGA) framework [27]. Electron charge density and 
wave-functions are respectively described using Fourier comp-
onents up to 240 Ry and 30 Ry. Van der Waals interactions 
between atoms are estimated using the semi-empirical DFT-D 
approximation and all structures are relaxed till the total force 
on each atom in the simulation cell is below 1.6 meV Å−1 [24]. 
The reciprocal space is sampled using Γ point in the Brillouin 
zone. The simulation cell consists of 72 atoms of Mo and 144  
S atoms and spans 19.14  ×  19.14  ×  22.34 Å3. NAQMD fol-
lows the trajectories of all atoms, while describing electronic 
excitations and nonadiabatic transitions between excited elec-
tronic states assisted by atomic motions based on TD-DFT and 
surface-hopping approaches, thereby describing photoexcita-
tion dynamics involving electrons and nuclei [28]. To perform 
large NAQMD simulations involving many hundreds of atoms, 
we have implemented a series of techniques for ef!ciently cal-
culating long-range exact exchange correction and excited-state 
forces. Details of our QMD and NAQMD simulation software 
are described in [29]. All NAQMD simulations were performed 
in the NVT ensemble at 10 K. Reference adiabatic MD simula-
tions for the unexcited bilayer are performed by coupling the 
simulation cell to a Nosé-Hoover thermostat at 10 K. Adiabatic 
MD simulations are performed with a step size of 4.84 fs.
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