Downloaded via UNIV OF SOUTHERN CALIFORNIA on August 15, 2018 at 17:28:31 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

pubs.acs.org/NanolLett

NANO E T T E R S & Cite This: Nano Lett. 2018, 18, 4653-4658

Electronic Origin of Optically-Induced Sub-Picosecond Lattice
Dynamics in MoSe, Monolayer

Lindsay Bassman, *® Aravind Krishnamoorthy,_r Hirowyuki Kumazoe,” Masaaki Misawa,#f
Fuyuki Shimojo,# Rajiv K. Kalia,T’i’gé’” Aiichiro Nakano, A8IL® and Priya Vashishta® %1

Collaboratory for Advanced Computing and Simulations, *Department of Physics and Astronomy, “Department of Computer
Science, IIDepartment of Chemical Engineering and Material Science, and ‘Department of Biological Sciences, University of
Southern California, Los Angeles, California 90089-0242, United States

#Department of Physics, Kumamoto University, Kumamoto 860-8555, Japan

O Supporting Information

ABSTRACT: Atomically thin layers of transition metal dichalcogenide ;‘ M
(TMDC) semiconductors exhibit outstanding electronic and optical 9
properties, with numerous applications such as valleytronics. While ‘; o @ & (83:
unusually rapid and efficient transfer of photoexcitation energy to atomic ’ o~ 7 '
vibrations was found in recent experiments, its electronic origin remains J /

unknown. Here, we study the lattice dynamics induced by electronic
excitation in a model TMDC monolayer, MoSe,, using nonadiabatic
quantum molecular dynamics simulations. Simulation results show sub-
picosecond disordering of the lattice upon photoexcitation, as measured by y 7z P —

the Debye—Waller factor, as well as increasing disorder for higher densities

of photogenerated electron—hole pairs. Detailed analysis shows that the rapid, photoinduced lattice dynamics are due to
phonon-mode softening, which in turn arises from electronic Fermi surface nesting. Such mechanistic understanding can help
guide optical control of material properties for functionalizing TMDC layers, enabling emerging applications such as phase

change memories and neuromorphic computing.
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B ulk elemental and compound semiconductors have
provided the basis for an astounding array of information
technology devices over the last half century. However,
improvements in miniaturization and efficiency have plateaued
as we reach the limit at which three-dimensional structures
cannot get any smaller without beginning to experience
quantum confinement in one or more degrees of freedom.
As a result, smaller, faster, low-power, flexible, or transparent
devices may require a paradigm shift from three-dimensional to
two-dimensional (2D) components.

Of particular interest for such 2D device components are
atomically thin layers of transitional metal dichalcogenide
(TMDC) semiconductors, which are chemically stable, have
high carrier mobilities,"”* and can be synthesized using simple
chemical vapor deposition (CVD) methods. These monolayers
demonstrate 2D quantum confinement, possessing electronic
structure and properties not observed in their bulk counter-
parts. Examples include emergent valley- and spin-dependent
optical and electrical properties,”~” making these monolayers
suitable for valleytronics; tunable semiconducting and metallic
structural phases,g_11 potentially useful for phase change
memories; and strong light—matter interactions,"*** which
hold promise for the use of 2D TMDCs in photonics and
photocatalytic applications.' "> Finally, their resilience to large
elastic strain'®~"" speaks to their potential in transparent and
flexible electronic devices. Exploiting these unique properties
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for the construction of novel electronic devices requires the
functionalization of 2D and layered materials, as well as the
construction of low-resistance ohmic contacts for their
integration into electronic devices.

Optical control of structure and properties of TMDC
monolayers is a potential route for functionalizing them, where
the goal is to optically control electronic excitation in order to
rapidly induce desired electronic and structural properties.
Electronic excitation has previously been shown to induce
bond dissociation and atomic rearrangement on ultrafast time
scales in other material systems like graphene,” carbon
nanotubes,” transition metal oxides,”* and polymers.”” Recent
experiments on TMDC layers have shown strong response of
atomic structures to optical and electronic excitation,”*** often
characterized by the activation of specific lattice vibration
modes. In particular, ultrafast electron diffraction experiments
on MoSe, bilayers have shown picosecond conversion of
electronic-excitation energy to thermal energy of the lattice
with nearly perfect quantum yield.”® Such ultrafast energy
conversion is necessary for optical control of structural phase
change in materials, with use in new applications such as phase
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Figure 1. (a) Top and (b) side views of the simulated MoSe, monolayer. (c) Schematic of the simulated photoexcitation (left), and time evolution
of the resulting electronic energies and occupations (right). Here, eight electrons from the valence-band maximum are promoted to the four levels
at the conduction-band minimum. Red, blue, and black lines denote electronic levels occupied by two electrons, single electron, and no electron,
respectively. Electronic levels with nontrivial dynamics are shown in thick lines.

change memories and neuromorphic computing.”” This
remarkable conversion ratio was attributed to strong
electron—phonon coupling and the softening of acoustic
phonons. This strong electron—phonon coupling in TMDCs
has been observed not only in experiment but also in
theoretical simulations.”*™>* However, the origin of the strong
electron—phonon coupling upon photoexcitation, which is
responsible for ultrafast nonradiative relaxation, has not been
fully elucidated. A more complete understanding could allow
for tailoring the electron—phonon coupling, thus enabling
control of the atomic dynamics responsible for lattice
thermalization and phase transformation.

Here, we study electronic and lattice dynamics of a model
TMDC monolayer, MoSe,, upon electronic excitation, using
nonadiabatic quantum molecular dynamics (NAQMD)
simulations”® based on time-dependent density functional
theory density, along with density functional theory (DFT)
calculations. Our results show sub-picosecond transfer of
electronic-excitation energy to lattice distortion manifested in
the Debye—Waller factor (DWF). Sub-picosecond disordering
is observed in both a free-standing monolayer, as well as a
monolayer in contact with a heat bath, which is qualitatively
similar to the more realistic situation of a monolayer on a
substrate. The sub-picosecond disordering is preceded by
softening of certain phonon modes at the Brillouin zone
boundary.

Characterization of the monolayer’s electronic structure in
reciprocal space reveals that the strong electron—phonon
coupling, indicated by the softened phonon modes, correlates
well with the nesting vectors of the pocket-like, excited-state
Fermi surface.

The simulated system is a monolayer of MoSe, with 108
atoms, comprising 6 X 6 X 1 unit cells in the a-, b-, and ¢-
directions, respectively. As shown in Figure lab, each
monolayer unit cell consists of one molybdenum atom
sandwiched by two selenium atoms. Here, the c-axis is normal
to the monolayer surface. NAQMD simulations®* provide the
dynamics of the coupled electron—ion system, where ionic
dynamics are derived from the Hellman—Feynman theorem
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(i-e., ionic trajectories are propagated using Newtonian
mechanics based on quantum mechanically derived forces),
electronic dynamics are modeled within the time-dependent
DFT framework, and nonadiabatic transitions of electrons
between energy bands are computed using the surface hopping
approach. Optical excitation is modeled in our NAQMD
simulations by instantaneously promoting a fixed number of
electrons from the top of the valence band to the bottom of the
conduction band, shown schematically in Figure Ilc. This
scheme for electronic excitation does not consider the complex
interaction of light-fields with matter®> as well as the process of
hot-electron relaxation to the band edge, both of which occur
on time-scales far shorter (few attoseconds to few femto-
seconds) than those encountered in phonon dynamics, which
are the focus of this Letter. Initially, eight electrons are
promoted from the four bands at the valence-band maximum
to the four at the conduction-band minimum, as shown at time
t = 0 ps in Figure lc. At time t & 0.1 ps, an electron from a
doubly occupied band hops to an unoccupied band, resulting
in these bands each becoming singly occupied. The excited
electronic states are represented in terms of ground-state
Kohn—Sham (KS) orbitals within DFT. The projector
augmented wave method is used to compute the electronic
states, where projector functions are generated for the 4d, Ss,
and Sp states of Mo and 3d, 4s, and 4p states of Se. For the
exchange-correlation energy, we employ the generalized
gradient approximation, considering nonlinear core correc-
tions. Electronic pseudowave functions and the pseudocharge
density are represented by plane waves with respective cutoff
energies of 30 and 250 Ry (408 and 3401 eV). A
preconditioned conjugate gradient method is used to
iteratively minimize the energy as a functional of KS orbitals.

We perform molecular dynamics (MD) simulations in both
the canonical and microcanonical ensembles with a unit time
step of 50 au (~1.2 fs) and 8 au (~0.2 fs), respectively. During
simulation, periodic boundary conditions are applied in all
directions. To prevent periodic images of the monolayer from
interacting with one another, we add a vacuum layer of
thickness 10 A in the z-direction. We simulate nonadiabatic
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electron—ion dynamics upon photoexcitation by alternating
steps: (1) update transition probabilities between electronic
excited states due to ionic motions using a surface-hopping
procedure and (2) update ionic configuration due to new
excited electronic states by numerically integrating MD
equations.

In addition to ionic dynamics, the electronic structure and
lattice stability in the excited state were characterized through
the electronic band structure, wave function isosurfaces, charge
densities, and phonon dispersion curves. Excited-state Fermi
surfaces were plotted as reciprocal-space isosurfaces at energy
levels corresponding to representative charge carrier concen-
trations of 0.2, 1, and 2 X 10" cm™ using the Wannier90
package.”® Phonon dispersion curves were produced using
DFT implemented in the Vienna Ab initio Simulation Package
(VASP)”"~* to corroborate the prediction that the emergence
of Fermi surface nesting leads to phonon softening. Static
calculations were performed on a 6 X 6 X 1 supercell of a
monolayer MoSe, crystal structure, containing 108 atoms, in
both its electronic ground state, as well as at two different
electronically excited states. The wave functions of valence
electrons were constructed with a plane wave basis set with a
kinetic energy cutoft of 520 eV. Reciprocal space was sampled
using a 3 X 3 X 1 Monkhorst—Pack k-point mesh with a
Gaussian smearing of orbital occupancies of 0.1 eV. DFT
perturbation theory within VASP was used to calculate the
Hessian matrix, which was fed into the open-source phonopy40
package to generate the dispersion relations for the normal
vibration modes of the MoSe, unit cell. The electronically
excited states were modeled using the ASCF method, where
electrons are promoted from the highest-lying, occupied KS
energy levels in the ground state, to the lowest-lying,
unoccupied energy levels. We model the two different
electronic excitations by moving one or two electrons from
the valence band to the conduction band, equating to an
electron—hole concentration of 0.297 X 10" and 1.19 x 10
cm™?, respectively.

To predict the photoexcitation dynamics of suspended
monolayers, in the absence of energy dissipation to or
interaction with a substrate or heat bath, NAQMD is first
carried out within the microcanonical ensemble. We excite
electrons from the top two valence bands, which we denote as
the valence band maximum (VBM), to the bottom two
conduction bands, which we denote as the conduction band
minimum (CBM). In total, four electrons are excited,
corresponding to an excited charge carrier density of 1.19 X
10" cm™. Figure 2 shows the electronic band structure and
partial density of states (DOS) for the d-orbitals of Mo, which
are the predominant orbitals making up the VBM and CBM, as
well as charge densities for the VBM and CBM. The band
structure plot is color coded to show the dominant d-orbital
characters along the high symmetry lines in the first Brillouin
zone.

We observe that the highest point in the VBM is the K-point
(marked in Figure 2a with a green, dashed circle), with
majority d,, and d,>_,> character. The lowest point in the CBM
is also the K-point (marked in Figure 2a with a red, dashed
circle), but is mainly of d,> character. The iso-surfaces of the
charge densities of the VBM and CBM, shown in Figure 2b,
agree well with this orbital character assessment, with the CBM
charge density showing the characteristic d > distribution, while
the VBM charge density shows the signature d,, and d,/_,
shapes. During optical excitation, electrons that are excited
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Figure 2. Electronic structure of monolayer MoSe,. (a) Band
structure plot denoting by color the character of the Mo d-orbitals
that make up the majority of the state at each point, as well as a partial
density of states of the different d-orbitals of Mo. The top valence
(conduction) band is denoted with a green (red), dashed circle,
indicating the state is predominantly composed of d,* (dyand dz_2)
orbitals. (b) Charge densities for the top two valence bands and the
bottom two conduction bands, showing how the electronic charge
density changes when we excite electrons from their ground state.

from the VBM to the CBM remain spatially localized around
Mo atoms. However, while they are formerly localized in d,,
and d,2_ orbitals in the x—y plane, excitation promotes them
into d orbitals that spread along the z-direction. Since both
VBM and CBM are at the K-point in reciprocal space, the
monolayer exhibits a direct band gap, in agreement with
experiments.41

To quantify lattice disorder along a given reciprocal vector g,
we compute the Debye—Waller Factor (DWF) as a function of
time ¢:

DWF = e—<|qﬂ(f)|2>

where #(t) is the displacement vector of an atom from its
original position at ¢ = 0, and the brackets () denote an average
over all atoms in the supercell.

Figure 3 shows time evolution of the DWF for the
monolayer with electronic excitation (red line) along two
representative directions in hexagonal 2D crystals, the zigzag
direction (300) and the armchair direction (110), compared to
an unexcited monolayer at 10 K (blue line). The relative lack
of atomic motion at 10 K results in a near-unity value for the
DWEF. DWF values for the room temperature crystal can be
found in Figure S1 in the Supporting Information. Our results
predict a sub-picosecond, exponential decay of the DWF along
both the (110) and (300) planes upon electron excitation.
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Figure 3. Time evolution of Debye—Waller factor along the (110)
and (300) planes, with (red) and without (blue) photoexcitation,
averaged over three simulation runs beginning from identical
positions but different initial velocities in the microcanonical
ensemble. The shading shows the standard deviation across the
three independent simulations.

Further, we also observe a high-frequency modulation in the
DWEF for times ¢t = 0.5 to 1.5 ps after excitation. These high-
frequency features (Figure 4c) with a time period of 0.2 ps
correspond to the emission of coherent phonons with @ = 2.5
THz, which falls within the range of softened vibrational
frequencies for acoustic modes at the M- and K-points in
reciprocal space. These vibration modes possess strong
electron—phonon coupling and large phonon line widths and
are therefore preferentially excited in electron-doped or
optically excited TMDC crystals."” Further, these high-
frequency vibrations are quenched after ~1 ps, which is
consistent with recent experimental work on photoexcited
atomically thin MoSe,, which demonstrated ultrafast lattice
thermalization.”® These experiments suggest that the under-
lying cause for such rapid onset of electronic excitation
induced lattice disorder is strong electron—phonon coupling.*®
To aid in confirming this conclusion, we investigate the
electronic structure, and specifically the Fermi surface, of the
photoexcited MoSe, monolayer.

Figure 4a shows the total DOS (blue line) for electrons in
the monolayer TMDC system, as well as the integrated DOS
(red line), which is used to compute the Fermi surface at
different electron—hole concentrations. Contours of these
Fermi surfaces at varying levels of electronic excitation are
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Figure 4. (a) Electronic density of states of MoSe, monolayer near the band edge (blue line). Red line shows integrated density of states, which is
used to determine the Fermi level for a given value of electron—hole pair density, n(e—h). (b) Fermi surface for excited carrier density, n(e—h),
values ranging from 0 to 2 X 10 cm™. The Fermi surface is localized at the K-points at minimal excitation (red contours), while exposing Z-
pockets at higher excited electron—hole densities (black and blue contours). The three nesting vectors gy, g, and g, correspond to reciprocal
vectors I'M, I'K, and I'Z, respectively. (c) Phonon dispersion curves in the ground state and two increasingly excited states.
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shown in Figure 4b. We see that at minimal excitation, the
Fermi surface is localized around the K (1/3, 1/3, 0) point in
the Brillouin zone. However, upon stronger photoexcitation
the Fermi surface develops pockets between the I" (0, 0, 0) and
K (1/3, 1/3, 0) points, usually denoted as the X point. Similar
behavior is observed for other monolayer materials in the
TMDC family upon electronic excitation or charge doping.****
With these pockets come parallel (nested) sheets of Fermi
surface and the Fermi surface nesting vectors that connect
them. Such nesting greatly increases the number of possible
electronic transitions at the nesting wave vectors and causes
phonon softening at corresponding points on momentum
space. Indeed, calculated phonon dispersion curves for the
monolayer of MoSe, show phonon softening upon photo-
excitation. Figure 4c shows the phonon dispersion curves for
the ground state and two different excited states along lines of
high symmetry in reciprocal space. The phonon dispersion
curve for the ground state exhibits all positive frequencies,
indicating the stability of the structure in this state. However,
with mild excitation, we begin to observe zone-edge phonon
softening at the M point in the Brillouin zone. Upon higher
excitation, we see additional phonon softening at the K point
as well as a uniform decrease in atomic vibration frequencies
throughout the Brillouin zone, which reflects a weakening of
interatomic bonds and leads to larger atomic displacements
(ie, decreasing DWF values as observed in the NAQMD
simulations).

It is important to note that dynamics resulting from
softening of both the M-point and K-point vibration modes
can be observed only in supercells commensurate with the
periodicity of both vibration modes. The 6 X 6 X 1 supercell
considered in this study is the smallest system that is
compatible with both these modes. Smaller simulation cells
like 4 X 4 X 1 show qualitatively different atomic displace-
ments upon electronic excitation (see Supporting Videos 1 and
2) due to their inability to accommodate all softened vibration
modes, which results in different time constants for decay of
the Debye—Waller factor (Figure S1 in the Supporting
Information).

The onset of softened phonon modes can be attributed to
strong electron—phonon coupling in the material,**** which in
turn provides a pathway for extremely eflicient, nonradiative
relaxation of excited carrier energy into lattice disorder. This
provides an explanation for the ultrafast conversion of
electronic energy into atomic motion as observed by the
sub-picosecond decay in the DWF.

While these microcanonical NAQMD simulations most
closely model suspended monolayers, supported monolayers
that would be found in functionalized devices are more closely
simulated with canonical NAQMD. This is because the
substrate on which a monolayer is placed can affect the
molecular dynamics through modified electron—hole screening
as well as acting as a weak heat bath for the excited monolayer.
Canonical ensemble NAQMD simulations, where the excited
monolayer is coupled to a Nosé—Hoover heat bath, can model
the latter effect. Figure 5 shows the DWF versus time, in the
(110) and (300) directions at two different electron—hole
concentrations. We observe that the large decay in DWF,
reflecting significant lattice disorder, persists despite the
coupling to a thermostat at 10 K indicating that atomic
motion in the deformed electronic potential energy surface
dominates lattice order on ps time scales after photoexcitation.
Furthermore, we see an increase in the amount of lattice
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Figure 5. Debye—Waller factor plotted versus time along the (110)
(a) and (300) (b) planes, at two different electron—hole densities, in
the canonical ensemble.

disorder with increased electron—hole density. This finding is
validated bgf recent experimental work, which found similar
dynamics.”

In conclusion, NAQMD simulations were performed to
model photoexcitation of monolayer MoSe, crystals in the
microcanonical and canonical ensembles. Electronic structure
characterization reveals that electronic excitation leads to the
formation of pocket-like Fermi surface states, which are
connected by nesting vectors that correspond closely to wave
vectors of softened phonon modes, indicating strong electron—
phonon coupling. Sub-picosecond decay of the Debye—Waller
factor was observed in both ensembles, indicating ultrafast
transfer of optical energy to thermal motion. Such rapid
disordering of the MoSe, lattice has important implications for
optically controlling structure and properties of TMDC
monolayers.
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