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Driving forces for ultrafast laser-induced sp® to sp° structural

transformation in graphite
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2, Cui Zhang @'*™ and Sheng Meng ®'**™

Understanding the microscopic mechanism of photoinduced sp?-to-sp® structural transformation in graphite is a scientific
challenge with great importance. Here, the ultrafast dynamics and characteristics of laser-induced structural transformation in
graphite are revealed by non-adiabatic quantum dynamic simulations. Under laser irradiation, graphite undergoes an interlayer
compression and sliding stage, followed by a key period of intralayer buckling and interlayer bonding to form an intermediate sp>-
sp> hybrid structure, before completing the full transformation to hexagonal diamond. The process is driven by the cooperation of
charge carrier multiplication and selective phonon excitations through electron-phonon interactions, in which photoexcited hot
electrons scattered into unoccupied high-energy conduction bands play a key role in the introduction of in-plane instability in
graphite. This work identifies a photoinduced non-adiabatic transition pathway from graphite to diamond and shows far-reaching
implications for designing optically controlled structural phase transition in materials.
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INTRODUCTION

Ultrafast laser has a wide range of applications in controlling the
structures and properties of materials'™. In recent years, photo-
induced structural phase transitions have attracted great atten-
tions*™”. Carbon, one of the most important elements in nature,
can form a large number of organic and inorganic substances, of
which its elements can exist in various forms, such as
0-dimensional (0D) Cgo, nanoclusters, 1D carbon nanotubes,
(quasi-)2D graphene and graphite, and 3D diamond. The
manipulation of the sp, sp?, and sp® hybridized bonds provides
a rich opportunity to study the structural transition of their
allotropes and thus to tune the corresponding electronic and
optical properties. Graphite and diamond are the most stable
crystalline solid phases at atmospheric pressure and high pressure,
respectively. Graphite is a prototype layered crystal with strong in-
plane sp? hybridized covalent bonds and weak interlayer van der
Waals interactions, while diamond is composed of pure sp®
hybridized bonds. Although the thermodynamic energies of the
two structures are nearly identical, the conversion from graphite
to diamond is highly challenging, which requires extreme
conditions such as high temperature, high pressure or laser
pulses®14,

At ambient temperature and pressure, it has reported that
graphite can form sp3-bonded structure under intense femtose-
cond laser irradiation''"'%, Raman et al. found that when the laser
fluence is close to the damage threshold of graphite, interlayer
bonds are formed after a significant contraction of interlayer
spacing''. According to their density functional theory (DFT)
calculations, the modified force field due to changes in charge
density and the Coulomb stress produced by the photoinduced
charge separation are the main forces driving the structural
change in graphite. Kanasaki et al. showed that after the exposure
of intense laser pulses, the structural periodicity of sp3-bonded
carbon nanodomains differs from that of conventional diamond’?,

indicating that the laser-driven phase transition is distinct from
that under high pressures®'®. Classical molecular dynamics
simulations with semi-empirical potentials indicated a nonlinear
relationship between the number of photoexcited carbon sites
and the number of interlayer bonds formed in graphite'®'”. Niiske
et al. observed the formation of nanoscale cubic diamond crystals
in the laser-irradiated highly oriented pyrolytic graphite (HOPG)
sample using Raman spectroscopy'. Duan et al. showed that sp-
sp> transformation in twisted bilayer graphene occurs under
femtosecond laser irradiation, where the moiré pattern plays an
important role'. These studies mainly detected the photoinduced
structural changes in the samples by various means, to
demonstrate the achievement of sp2sp® transformation in
graphite by femtosecond laser action. Some of these measure-
ments directly showed the interlayer contraction before the
formation of interlayer bonds. However, the spatial and temporal
resolution of the structure transformation process is rough, and
the exploration of the non-equilibrium carrier dynamics in
graphite is lacking. In addition, light-induced carbon phase
transformations evolve on extremely non-equilibrium paths at
ultrafast time-scales, and therefore it is crucial to consider and
understand the ultrafast dynamics of photoexcited charge carriers
in the process, which involves weakly screened carrier-carrier
scatterings and carrier-phonon interactions'®-2%. Due to the lack of
accurate description of strong-field-driven photocarrier dynamics
and understanding of the key mechanisms underlying such
extreme non-equilibrium phase transformations, the microscopic
dynamic picture of the photoinduced sp>to-sp® structural
transition remains an intriguing open problem.

In the present work, we reveal the pathway and mechanism of
laser-induced structural transformation of graphite at the micro-
scopic and ultrafast scales, using non-adiabatic molecular
dynamics calculations within the framework of real-time time-
dependent density functional theory (rt-TDDFT). Our results
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Fig. 1 Photoinduced sp2-to-sp® structural transformation process in graphite. a Schematic of three-stage ultrafast laser-induced structural
transformation in graphite. b Atomic structure of AB stacked graphite used in the non-adiabatic first-principles simulations of ultrafast laser-
induced sp2-to-sp® structural transformation. ¢ Time evolution of the laser field waveform, the interlayer spacing Ad, the intralayer buckling
height Az and interlayer sliding angle a of graphite. The a is defined as the angle formed by the carbon pairs located in the same x-y position
of adjacent layers with respect to the layer plane. The Gaussian-shaped laser pulse is polarized along the armchair direction of graphite with a
field strength of E,=0.077 V A~" and a fluence of F = 0.905 mJ cm?. The pulse width and the photon energy are 10 fs and 1.55 eV, respectively.
The laser field reaches the maximum strength E, at time t,=16 fs. d Time evolution of the number of interlayer bonds (Ng) formed in the laser-

induced sp?-to-sp® structural transformation process.

identify three consecutive stages for the laser-induced sp?-to-sp>
bond transformation in graphite on the ultrafast time-scale, as
illustrated in Fig. Ta. Under laser excitation, the interlayer spacing
of graphite undergoes rapid compression, attributed to the
photoinduced reduction of charge population in the 2p, orbital.
Specific phonon modes, e.g, Ej;, By, and E3, are excited to
promote the interlayer sliding and structural deformation.
Subsequently, interlayer bonds are gradually formed through
the buckling of carbon atoms in adjacent layers. The initial layered
structure with in-plane sp? bonding is then transformed into an
intermediate structure containing both sp? and sp® bonds. We
find that structural transformation process, including interlayer
compression and bonding, is driven by the cooperation of charge
carrier multiplication and selective phonon excitations through
electron-phonon interactions. The high-energy intermediate state
may reach thermal equilibrium through complex electron-phonon
and phonon-phonon collisions into hexagonal diamond (HD)
structure.

RESULTS AND DISCUSSION
Photoinduced sp?-to-sp® structural transformation

We apply an ultrafast laser pulse with a photon energy of 1.55 eV
on the graphite crystal along the armchair direction. To
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characterize the structural transformation of graphite under laser
irradiation, we analyze two types of atomic displacements, i.e.,
interlayer spacing Ad and intralayer buckling height Az, as
illustrated in Fig. 1b. The Gaussian-shaped laser pulse with a
maximum strength of Eo = 0.077 VA" at 16 s, as well as the time
variation of structural parameters Ad and Az at a laser fluence of
F=0.905 mJcm~2 are presented in Fig. 1c. The interlayer spacing
Ad of graphite rapidly decreases from 3.4 A to 2.14 A (Stage 1)
under laser action. After significant interlayer shrinkage, the layer
spacing stabilizes. As the carbon atoms of the adjacent layers get
closer, the out-of-plane distortion Az of the atoms in layer A and B
increases remarkably after 160fs (Stage Il). Along with the
decrease of the layer spacing and the increase of buckling height,
the interlayer sliding angle a, defined as the angle formed by the
carbon pairs located in the same x-y position of adjacent layers
with respect to the layer plane, continues to reduce, showing that
the two layers of graphite also undergo significant sliding.

We further define the formation of interlayer bonds as the
distance between pairs of carbon atoms of adjacent layers is less
than 2.0 A and show the number of formed interlayer bonds (N;g)
as a function of time in Fig. 1d. The variation of Az and Njg with
time clearly show that the intralayer buckling of carbon atoms
effectively promotes the formation of interlayer bonds, implying
the appearance of intermediate states containing sp? and sp’
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Fig. 2 Structural changes during the phase transition. Atomic configuration, local charge density and corresponding RDF of graphite upon
laser irradiation at a Ofs, b 160 fs, ¢ 200 fs, and d 240 fs, respectively. Carbon pairs located at the same site in x-y plane but adjacent layers are
labeled as C; and Cs, and the atom next to Cs within the same hexagon is labeled as C,. The cross-section of the charge density contour is a
plane including all three atoms. The unit for charge density contour is e bohr 3, The black and blue arrows are used to indicate the
characteristic peak positions of sp? and sp® hybridized bonds in the RDF, respectively, and the blue dashed lines represent the peak positions

of HD.

bonds. The structural deformation characteristics of graphite
under laser illumination, i.e., the formation of interlayer bonds
after significant interlayer compression and sliding, are consistent
with the previous experimental observations''. We have per-
formed three different independent simulations initiated with the
same laser parameter settings over a random distribution. As
shown in Supplementary Fig. 1, the light-induced structural
transitions occurred in graphite are consistent with each other
quantitatively.

We show in Fig. 2 the changes in graphite atomic configurations
at representative moments in the photoinduced phase transforma-
tion pathway, along with the corresponding local charge density
and radial distribution function (RDF). Upon photoexcitation,
interlayer contraction and sliding of AB stacked graphite, result
in the shift and broadening of RDF peaks within 160fs (stage 1),
which is also related to the transient deformation of the
honeycomb lattice. To 200fs, the amplitude of the sp? character-
istic peak position continues to decrease, accompanied by the
appearance of a peak near 1.6 A, indicated by the black and blue
arrows in Fig. 2¢, respectively. At the end of stage Il (240fs), two
peaks with comparable amplitude are formed, indicating the
appearance of an intermediate state consisting of sp? and sp>
hybridized bonds. At this point, the density of transformed
structure reaches 3.29 gcm—3, which is close to the density of
HD (3.51gcm—3)?', compared to the density of graphite
(2.24gcm~3). The RDF at 240fs shows a hybrid structure that
includes the HD structure (the characteristic peak of HD shown as
blue dashed lines in Fig. 2d), therefore, the system continues to the

structural relaxation stage (stage Ill) before the complete
transformation to HD.

Selective excitation of multiple phonons

Previous studies have demonstrated that more than 90% of the
absorbed laser energy in graphite is transferred from the
electronic system into several strongly coupled optical phonons
within the first 500 fs after excitation, including Eﬁg mode at the I
point and A} mode at the K point??>. Here we focus on the
phonon excitation of the ' point and calculate all forty-eight
eigenvectors of phonons. Time evolution of each phonon branch
is explored by projecting the displacement of atoms in the
trajectory onto forty-eight phonon eigenvectors. The projected
intensity is defined as #Zj ej e u;, where m is the mass of the
carbon atoms, u; is the displacement vector of atom j from its
original position at t =0, and e; is the ith phonon eigenvector at
the T point. As shown in Fig. 3a, we find that in addition to the
strongly coupled stretching mode E5, (160220cm™"), E},
(46.86 cm™") and By, (130.82cm™") are the other two phonon
modes intensely excited by the laser. These three phonon modes
excited within 160fs dominate the photoinduced structural
transformation of graphite. The vibrational modes of three excited
phonons are shown in Fig. 3b. The interlayer shearing mode E;g is
associated with interlayer sliding, which has been experimentally
found to be generated mainly by the real excitation of the m-m*
optical transition?®. Moreover, the optically inactive By, mode is
associated with interlayer compression. The electronic energy
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Fig. 3 Selective excitation of multiple phonons. a Phonon dispersion spectrum and time evolution of all forty-eight I'-point projected
phonon branches in graphite. Three excited phonons are E12g, Byg, and Eﬁg modes. b Vibrational modes of three excited phonons. The pink

arrows indicate the direction of relative motions of the atoms.

(a) (b)
I 0.905mJem=2 4
29 000 9000,
g 0" 00,
hw p %QO
e ', O
Interband O\O | ¢
Transition tz
n® 00
¢
0.100 mJ cm™2
ey ' \ /1
0 80 160 |
Timre:{fs) Wave Vector
(d) ©_ N
2l~v~ [775) I a—
e, 3| [ ey te0fs| [ 240fs| & 20,420,
(] r i. - p= . 2pz
N [ % 20000 K 18000 K| £
I ° | g
= i ?\ B \ §1.o-
c r x : % 3
r ) L | =
I r N L I B %
(0] T . _..I...I...h -...........m 60.9""---1...
-8 -4 0 4 8-8 -4 0 4 8-8 -4 0 4 8 0 89 160 540
Energy (eV) Energy (eV) Energy (eV) Time (fs)

Fig. 4 Electronic excitation. a Schematic diagram of the photogenerated carrier transport process in the structural transformation of
graphite. Region A: valence bands (E < Eg); Region B: low-energy region in the conduction bands (Eg < E < 4 eV); Region C: high-energy region
in the conduction bands (E>4eV). b The percentage of excited electrons (n%) under photoexcitation at a fluence F=0.905 mJ cm~2 and
F=0.100 mJ cm~2 Blue and coral areas indicate the laser direct action stage (0-32fs) and the carrier multiplication stage (32-80 fs). ¢ Band
structure of graphite with the electronic transition process between bands is illustrated by arrows. The red line denotes the unoccupied ¢
interlayer band. d The electron distributions at the end of laser action (32 fs), stage | (160 fs) and stage Il (240 fs), under strong excitation
(F=0.905 mJ cm™2). The blue, coral, and red dots are used to present the distribution of electrons in the energy regions of A, B, and C
depicted in panel a. The electronic temperature T, is obtained by fitting the Fermi-Dirac function (dash line). The Fermi level E¢ is set to 0 eV.
e Time evolution of charge population for 2p,, 2p,, and 2p, orbitals from Mulliken charge analysis upon intense photoexcitation at a fluence

F=0.905mJcm™2

obtained from photon absorption is transferred to only a few
specific phonon modes in stage |, leading to structural instability,
including interlayer compression and sliding. Such selective
phonon excitations via electron-phonon coupling are further
coupled to other vibrations after 160 fs (stage Il), accompanied by
sp>-to-sp> bond conversion.

Electronic driving forces

After clarifying the selective mechanism of multiple phonon
excitation induced by photoexcited electrons through the strong
electron-phonon couplings, we further elaborate the underlying
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electronic driving forces in such photoinduced phase transition in
graphite, as illustrated in Fig. 4a. We first trace the number of
excited electrons in graphite upon the photoexcitation at a
fluence of 0.905 mJ cm~2. The time variation of the percentage of
excited electrons indicates a significant carrier multiplication stage
(coral shaded region in Fig. 4b). In the period of laser direct action
(0-32fs, blue shaded region in Fig. 4b), electrons are excited from
the valence to conduction bands of graphite, with an equal
number of holes generated in the valence bands. The number of
excited electrons continues to increase for a period of time
(32-80fs) after the laser pulse ends. Such carrier multiplication
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effect has been explored in graphite materials?>’ =" and can induce

nonthermal ultrafast phase transitions in semiconductors32. Carrier
multiplication is the result of a stronger effect of impact ionization
than Auger recombination. Impact ionization process, by which
electrons with sufficient energy in conduction band relax to
generate new electron-hole pairs, leads to an increase in the
carrier density, as depicted in Fig. 4a. Whereas, the Auger
recombination involves the scattering of two electrons and
electron-hole recombination, resulting in the decrease of carrier
density. We observed carrier multiplication in graphite under
strong excitation capable of triggering the formation of sp> bonds,
but not under weak excitation that fails to induce the structural
transformation, as shown in Fig. 4b and Supplementary Fig. 2.
Since adiabatic TDDFT tends to underestimate the scattering and
energy-transfer in real systems to some extent, the real impact
ionization process may be stronger than our simulation results.

After carrier multiplication period, the percentage of excited
electrons maintains at about 3.5% per supercell and the system
continues to evolve. Small portion of high-energy electrons (HEs)
are scattered to the o interlayer band, which is essential for the
sp2-to-sp® bond conversion. It has been demonstrated that there
exists a o-symmetry interlayer band with 3D free-electron features
and the band minimum at the ' point is about 4.0 eV above the
Fermi level®*>* The electrons can be transferred from the m*
bands (B region in Fig. 4a) to the unoccupied o interlayer band by
electronic relaxation, as illustrated in Fig. 4c. Previous study has
proposed that such a redistribution of electrons leads to lattice
instability by weakening the in-plane C=C bonds and promotes
out-of-plane distortions®>>. Thus, the HEs scattered into the
unoccupied o interlayer band drive the out-of-plane distortion
and trigger the formation of interlayer bonds.

We further analyze in Fig. 4d the electron distribution upon
intense photoexcitation (F=0.905mJcm?) at the end of laser
action, stage | and stage I, respectively. At the end of ultrafast laser
irradiation, the photogenerated electron-hole pairs are mainly
distributed in an energy range near the Fermi level (|E — E¢| <4eV).
A small amount of the excited electrons is scattered to high-energy
conduction bands (C region: £ — Eg > 4 eV) during the electronic
relaxation, as pointed out by the arrow in Fig. 4d. To estimate the
electronic temperature T, at different moments, we use the Fermi-

Dirac (FD) function g(E) = (eEkT_:—f— 1) 1 to fit the distribution of
electrons, where u represents the chemical potential and k is the
Boltzmann constant. At 160 fs, when the interlayer sp> bonds begin
to form, T, is about 20,000 K. The electron-phonon interaction leads
to the transfer of energy from the electronic system to the lattice
structure, resulting an effective T, of 18,000 K at 240 fs. It predicts a
longer period of thermal relaxation to further transform into a
perfect diamond structure (stage Ill).

Furthermore, the Mulliken charge analysis allow us to track the
time evolution of the charge population for carbon 2p,, 2p,, and
2p, orbitals, shown in Fig. 4e. The ultrafast laser induces a
continuous decrease in the charge population of the 2p, orbital
over 160 fs, which is responsible for the interlayer contraction. In
stage Il, that is, the period of sp> bond formation, the charge
population of the 2p,, 2p,, and 2p, orbitals gradually tend to be
equal, indicating a weakening of the anisotropy of bonding
orbitals that facilitates the transition to sp® hybridization.

Mechanism of photoinduced sp2-to-sp® structural
transformation

We have identified the microscopic dynamic process of ultrafast
laser-induced graphite structural transformation, which is char-
acterized by three main stages, as illustrated in Fig. 1a. Within the
first stage, a large number of electrons are excited to the
conduction bands of graphite through optical absorption and
carrier multiplication, and then redistributed. Attributed to
electron-phonon interactions, several specific phonons are excited
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in graphite, resulting in rapid interlayer sliding and contraction.
The change in graphite layer stacking pattern is an intermediate
state before conversion to diamond, as indicated in previous
studies'>3%, The compressed transient state at the end of the first
stage is metallic (Supplementary Fig. 3b), with 2.37 eV per atom
higher energy than graphite. We also note that high laser fluence
is essential to achieve such irreversible compression (Supplemen-
tary Fig. 2), while it does not show a strong correlation with the
laser wavelength (Supplementary Fig. 4).

The second stage is the buckling of carbon atoms in adjacent
layers, which promotes the formation of interlayer bonds
(160-240 fs). We suggest that the HEs play a key role in the sp*
to-sp> bonding transition. Along with the structural transforma-
tion, the electrons tend to obey the FD distribution with a high
electron temperature due to carrier relaxation. Although the
system has a density similar to HD at 240 fs, with a band gap of
0.3 eV (Supplementary Fig. 3¢), it has not been fully converted to
HD. The energy of the structure is still higher than that of the
graphite by 1.22 eV per atom. Therefore, in the third stage (after
240fs), further structural relaxation is required to transform the
atomic structure into a perfect HD with a wide band gap
(Supplementary Fig. 3d) and lower energy (0.013 eV per atom
higher than graphite).

Recent studies on direct transformation from graphite to
diamond under high pressure and temperature have reported
the identification of nanoscale coherent graphite-diamond inter-
faces at which the graphite and diamond units are bonding each
other'®, The transformation has been shown to occur in the two
stages, namely the formation of coherence interface and the
subsequent advances of the interface. In contrast to the clear
graphite-to-diamond transformation process under high pressure,
the microscopic formation process of the sp3-bonded structures
upon photoexcitation has not been clearly revealed by experi-
ments'"'2, Our studies propose the underlying mechanism of
ultrafast structural transformation in graphite driven by the
cooperation of photoexcited charge carrier multiplication and
selective phonon excitation, forming hybrid structures as seeds for
further evolution. The hybrid structures including both sp? and sp>
types of bonding are not identical to the nanoscale coherent
interfaces found in ref. '°, but both share the same intermediate
state characteristics. The non-equilibrium phonon dynamics
suggested in our studies can be observed experimentally by
monitoring the diffraction intensity evolution of the Bragg peak
using the ultrafast electron diffuse scattering (UEDS) tools, as
indicated in Supplementary Fig. 5. The ultrafast photoinduced
structural transformation observed in twisted bilayer graphene is
revealed by the reduction in the diffraction intensity and
momentum transfer vector within ~330fs'4, consistent with the
non-equilibrium dynamics time-scale reported in our study.

In summary, our first-principles non-adiabatic dynamics simula-
tions reveal the pathway and mechanism of ultrafast photo-
induced structural transformation of graphite to diamond
mediated by a hybrid structure of sp? and sp® bonds. Upon
intense laser irradiation, the underlying driving forces of such
process are the carrier multiplication of excited electrons through
electron-electron interactions and the specific phonon excitation
due to electron-phonon couplings. Graphite undergoes a struc-
tural transformation of interlayer compression, sliding, interlayer
buckling and sp® bond-forming on ultrafast time-scales. The
presence of photoexcited electrons in the unoccupied o interlayer
bands plays a key role in the sp?to-sp*> bond conversion. Our
findings provide a plausible non-adiabatic mechanism for light-
induced graphite-to-diamond conversion from an electronic
perspective and also offer an atomistic insight into the control
of the phase transitions in quantum materials by ultrafast laser
excitation. Such optically controlled approach has a great
potential for applications in many fields, such as nanostructure
processing, optical memory, and device fabrication.
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METHODS
Non-adiabatic molecular dynamic simulations

The non-adiabatic molecular dynamics (NAMD) simulations based
on rt-TDDFT are performed using the time-dependent ab initio
package (TDAP), which provides an efficient method for tracking
real-time dynamics of complicated processes in the excited
states3”38, Graphite crystal is simulated with a 2x v/3x 1 supercell,
containing two sublayers (A, B) of 16 carbon atoms with periodical
boundary condition. The initial lattice dimensions of the supercell
are 492 A, 4.26 A, and 6.80 A, respectively. We adopt a numerical
atomic orbital basis set with double zeta polarization (DZP) and
Troullier-Martins pseudopotentials, with an auxiliary real-space
grid equivalent to a plane-wave cutoff of 150 Ry. The Brillouin
zone of unit cell is sampled by a 4 x 4 x 3 k-mesh. The exchange
and correlation energy is treated within the local density
approximation (LDA)3*°. We apply a linearly polarized laser field
with a Gaussian envelope E(t) = Eo cos(wt) exp|—(t — o) /20?]
to excite the graphite crystal. The time step of 40 attoseconds is
applied for both electron and ion motions, evolving in a constant-
pressure-energy (NPE) ensemble. The coupling between atomic
and electronic motions is described by the Ehrenfest approxima-
tion. The pressure is controlled by Parrinello-Rahman method*®
and no symmetry is constrained for either the supercell shape or
the atomic positions. Partial phonon-phonon interactions such as
optical phonon-phonon interactions are included, but some
dissipation channels such as acoustic phonon-phonon interac-
tions, are not considered due to the limitation of cell size. Energy
dissipation mediated by phonon-phonon interactions typically
occurs on relatively slow time-scales (>1 ps), and given the focus
of our work on the ultrafast dynamics of structural transitions
occurring within a few hundred femtoseconds, such short time-
scale dynamics (<1 ps) is not qualitatively affected by supercell
dimensions.

Band structure and phonon calculations

DFT calculations were performed by Vienna Ab Initio Simulation
Package (VASP)*' using the projector augmented wave (PAW)*?
method and LDA for the exchange-correlation energy. Phonon
calculations are performed using the finite displacement method
within the PHONOPY*3.

DATA AVAILABILITY

The data that support the findings of this work are available from the corresponding
author upon reasonable request.

CODE AVAILABILITY

Rt-TDDFT molecular dynamics simulations have been performed using the time-
dependent ab initio package (TDAP) that can be obtained from the corresponding
authors upon reasonable request. Structure and phonon calculations have been
performed using VASP and PHONOPY codes that can be requested from the
developers.
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