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Controlling phase transition processes and the atomic structure of new states
with light has emerged as a highly challenging frontiers in condensed matter
physics and materials science. The conversion of graphite to diamond typically
relies on high-pressure and high-temperature conditions, while the advent of
ultrafast laser has opened entirely new possibilities for dynamically controlling
such structural transformation under non-thermodynamic state. Herein,
employing state-of-the-art first-principles non-adiabatic molecular dynamics
simulations, we elucidate ultrafast pathways of light-induced graphite-to-
diamond phase transition and reveal the laws governing the selective forma-
tion of cubic or hexagonal diamond, as well as their subsequent structural
evolution, by regulating laser parameters. Such optically controlled diamond
formation stems from early-stage structural reconstruction driven by electron-
phonon couplings and indirect excitation of specific phonon modes (e.g. ng
modes) via phonon-phonon couplings. The competition between newly gen-
erated phonons from indirect excitation constitutes the key factor determin-
ing the fine structure of final product. This work not only demonstrates
effective modulation of structural phase transition through photoinduced
non-thermal pathways, but also provides important strategy for efficient and
eco-friendly material synthesis via optical control.

temperature (HPHT) conditions, with synthesis temperatures

mechanisms have been the subject of extensive research'”’. Such phase
transitions between carbon allotropes involve alterations in the
bonding pattern of carbon atoms. To achieve precise control over
material structures and thereby synthesize new carbon materials with
unique properties, it is crucial to understand the intrinsic driving for-
ces behind structural evolution and the means of reaction regulation.

High pressure can effectively reduce the free energy barrier of
phase transitions®, therefore, earlier studies have mainly focused on
converting graphite into diamond under high pressure’ ™, followed by
research utilizing of shock waves" ™. Over half a century ago, Bundy
et al. reported the successful synthesis of man-made cubic diamond
(CD)’ and hexagonal diamond (HD)" under high-pressure, high-

exceeding 2000 °C and 1000 °C, respectively. Recently, the break-
through in successfully synthesizing nano-sized, high-purity HD from
graphite under HPHT conditions has further advanced the research
progress in engineering the desirable features of carbon allotropes**.
In 1961, shock-induced graphite-to-diamond phase transitions were
also reported in ref. 14. The microscopic mechanisms underlying
graphite-to-diamond phase transition under pressure*?~>* and shock
waves>*** remain a focus of research to this day. For instance, Arm-
strong et al. observed the phase transition process in shock com-
pressed graphite on picosecond timescale using X-ray diffraction, and
found that the formation of HD is kinetically more favorable than that
of CD under rapid compression'; while Chen et al., from the
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perspective of computational research, further clarified that different
interlayer sliding distances may lead to different products during
shock-induced phase transitions’.

Following the successive experimental and theoretical reports on
the induction of graphite-to-diamond transition via hole doping of the
valence bands at room temperature’*”, experimental and theoretical
explorations into photoinduced graphite-to-diamond phase transition
have been initiated. Raman et al. clearly captured the process of
photoinduced interlayer compression leading to bond formation
using electron diffraction techniques®®. Carbone et al. detected signals
of interlayer bond formation around ~180 fs after photoexcitation via
fs-resolved electron energy loss spectroscopy®. Niiske et al. observed
the formation of nanoscale cubic diamond crystals in the laser-
irradiated highly oriented pyrolytic graphite (HOPG) sample using
Raman spectroscopy and X-ray diffraction’. Duan et al. observed
ultrafast formation of a transient two-dimensional diamond-like
structure under femtosecond laser irradiation using MeV ultrafast
electron diffraction®®. Furthermore, several STM-based studies have
identified the regions of laser-excited sp*-bonded domain formation
involving interlayer sliding, intralayer buckling, and periodic interlayer
bonding®*?. Meanwhile, computational studies on the formation
mechanism of photoinduced interlayer bonding in graphite have been
emerging®>**, Luo et al. emphasized the significance of the stacking
mode in influencing the bonding patterns between adjacent graphite
layers and the formation of different final structures®. Song et al.
demonstrated a non-adiabatic dynamic process of forming sp*-hybri-
dized carbon structures within a few hundred femtoseconds after laser
irradiation and highlighted the importance of electron-phonon cou-
pling in such processes*. However, there remains a substantial gap in
unraveling the reaction pathways and the key mechanisms of light-
induced graphite-to-diamond phase transition under nonequilibrium
regimes on ultrafast timescales, and the microscopic dynamic picture
of such phenomena continues to be a fascinating challenge.

Given the current lack of a comprehensive reaction pathway of
light-induced graphite-to-diamond conversion and an understanding
of the intrinsic mechanisms of such reactions on ultrafast timescales,
we herein report the nonequilibrium reaction dynamics of photo-
generated charge carriers and lattice motions in such transitions, as
well as how the excitation modes are correlated to the ultimately
formed diamond atomic structures. Through state-of-the-art first-
principles non-adiabatic excited-state dynamics simulations, we reveal
the complete reaction pathway diagram of light-driven graphite-to-
diamond phase transitions, as illustrated in Fig. 1. The phase transition
pathway and final structure are closely correlated with the proportion
of photoexcited electrons. Excessive excitation leads to the formation
of an amorphous state, while insufficient excitation fails to drive the
graphite structure to overcome the reaction energy barrier and com-
plete the phase transition. An appropriate amount of electron excita-
tion is crucial for the formation of the diamond structure. Our results
demonstrate the rational control of the phase transition process and
products by optical means. Under the action of the laser field,
electron-phonon coupling induces specific phonon displacements,
thereby giving rise to different degrees of interlayer sliding and
bonding modes. In particular, the strong excitation of Bég and TO-5
phonon modes guides the selective formation of cubic and hexagonal
diamonds, respectively. We find that the final fine carbon structure of
the phase transition is strongly correlated with the degree of excitation
and propose a light wavelength-fluence phase diagram for photo-
induced diamond generation, which reveals the optical regulation
capability of ultrafast lasers with appropriate light field conditions on
the phase transition process. Our results highlight the subtle none-
quilibrium reaction pathways and intrinsic dynamic mechanism of
laser-induced graphite-to-diamond phase transition, providing new
insights and directions for achieving precise optical control of the
atomic structure of materials.
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Fig. 1| Schematic diagram of light-driven graphite-to-diamond phase transi-
tion. Optical control over the transition pathways between the initial graphite
structure and the final reaction products can be achieved on ultrafast timescales
(hundreds of femtoseconds) by manipulating the electronic excitation amount .
The three excited-state potential energy surfaces with different electron excitation
ratios are depicted in orange, blue, and green, respectively, corresponding to dif-
ferent phase transition pathways and products.

Results

Nonequilibrium pathways of light-induced graphite-to-diamond
phase transition

We first apply a Gaussian-shaped laser pulse with a photon energy of
1.55eV and a maximum field strength of £, = 0.514V/A on the AB
stacked graphite crystal. The laser pulse is polarized along the arm-
chair direction of graphite with a fluence of 120.5 mJ/cm?, which is
below the previously reported optical damage thresholds of
130-250 mj/cm? for graphite’®***%, The nonequilibrium reaction
pathway of light-induced transition from graphite to diamond is
reported in Fig. 2, whereas the characteristic atomic structures and the
corresponding energy changes during the reaction are displayed in
Fig. 2a. Atomic structures in the insets are extracted directly from the
trajectory of non-adiabatic molecular dynamic simulations, repre-
senting the structure characteristic of different stages of the phase
transition: (i) initial graphite structure, (ii) interlayer contraction after
excitation, (iii) intralayer buckling, (iv) formation of sp® bonds, (v)
generation of diamond-like structure, and (vi) the final structure of
phase transition, respectively. The calculated single-point energy of
corresponding structures indicates that a potential energy barrier of
~1.0 eV/atom needs to be overcome for such photoinduced phase
transition reaction. Upon photoexcitation, the electronic structure
significantly changes from -100 fs (see Suppl. Fig. 1) and opens an
energy band gap of -3.27 eV at 250 fs, which represents the electronic
signature of the formed sp*-hybridized carbon network.

To further trace the structural relaxation process and identify the
stable final products of the phase transition, we apply a thermal bath to
anneal the photoexcited system down to room temperature at an
annealing rate of 300 K/ps, as shown in the Suppl. Fig. 2. The annealing
process starts from the state obtained at 400 fs in the non-adiabatic
simulation and continues up to 8.0 ps after the temperature reaches
~300 K. Such annealing process addresses, to some extent, the issue of
insufficient energy dissipation in non-adiabatic excited-state simula-
tions and provides an approach to access the ultimate stable structure
after photoexcitation relaxation, since the evolution of lattice struc-
tures typically takes at least a few picoseconds to complete®°.
Meanwhile, the annealing relaxation process also mimics the diffusion
and dissipation of energy from the local lattice structure to the
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Fig. 2 | Light-driven graphite-to-diamond phase transition pathway. a Energy
profiles of the graphite-to-diamond phase transition. The error bars are
derived from five independent TDDFT trajectories under the same condi-
tions. The insets (i-vi) illustrate the evolution of the atomic structure as well
as the changes in the electronic structure during the phase transition. The
band structure of cubic diamond is shown by gray lines in inset (vi). b Time

evolution of the interlayer spacing Ad, intralayer buckling height Az and
tetrahedral order parameter g, of graphite. The insets are schematic dia-
grams of the three parameters. The Gaussian-shaped laser field waveform is
also shown, with a photon energy of 1.55eV, a full width at half maximum
(FWHM) of 30 fs, and a maximum strength of £, =0.514V/A at 48 fs.

surrounding regions in practical scenarios. As shown in Fig. 2a,
through the annealing relaxation, the metastable sp*-hybridized car-
bon lattice further evolves into a stable CD crystal structure, exhibiting
a band gap that is further widened to 3.63 eV, and its electronic band
structure can be directly compared with that of perfect CD.

To obtain the microscopic dynamics information of sp*to-sp?
phase transition, the time variation of three structural parameters,
namely, graphite interlayer distance Ad, the intralayer buckling height
Az and tetrahedral order parameter q,, are presented in Fig. 2b. The
tetrahedral order parameter g, is defined as*

1\ 2
<c050,~kj+§> >
k

where 6;; is the angle formed by the kth atom and its nearest neigh-
bors i and;. The g, accurately characterizes the structural similarity of
the intermediate state generated during photoexcited sp*-to-sp® phase
transition with that of perfect diamond. For a perfect tetrahedral
configuration at O K, cos 8y, is equal to — 1 yielding g, =1 for diamond,
as illustrated in Fig. 2b.

3 3 4
q.=(q.(k)), = <1 - gzljz

@

i=1j=i+1

Upon light irradiation, the graphite layer spacing Ad undergoes a
rapid compression from 3.4 A to ~2.3 A within 160 fs. A pronounced
sp’-to-sp® structure transformation initiates at around 160 fs. Such
ultrafast interlayer compression and sliding processes in graphite
under light irradiation have been widely observed in previous
experiments’***°=*2, and the timescale for the initial formation of sp?
bonds is also consistent with the -180fs reported in previous
experiments®. From then on, the interlayer distance Ad further
reduces to -1.9 A, while the buckling height Az, which characterizes the
degree of out-of-plane distortion, rapidly increases to more than 0.3 A.
Such structural changes in graphite provide the necessary spatial
conditions for the formation of interlayer sp> bonds. According to the
criterion that a chemical bond forms once the distance between two
carbon atoms in adjacent layers is less than 1.8 A, interlayer C-C bonds
start to form rapidly from 160 fs onwards, with the average number of
interlayer bonds N reaching ~4 at ~250 fs (Suppl. Fig. 3). The analysis
of time-dependent electron localization function and differential
charge density, as shown in Suppl. Figs. 4, 5, provide further electronic
evidence for the formation of sp® bonds. The time evolution of the
tetrahedral order parameter g, shown in Fig. 2b, suggests that gra-
phite evolves into a diamond-like structure very close to the
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Fig. 3 | Electronic origin of the sp?-to-sp® phase transition. a Excited band
structure of light-induced graphite-to-diamond phase transition. The configura-
tions are extracted from the non-adiabatic molecular dynamics simulations at 48,
160, and 250 fs, respectively, corresponding to three distinct phase transition
stages. The sizes of blue and red dots are in proportion to the square of the
population of excited electrons and holes generated by the laser pulse with respect
to the ground state. (The largest dot represents Aq ~ 1.92 e). b Diagrams of
selected molecular orbitals, corresponding to 7, m" and o types. ¢ Distribution of
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the photogenerated charge carrier occupancy (Aq) in each molecular orbital as a
function of time. Valence bands are counted by energy relative to the Fermi level in
decreasing order, while conduction bands are counted by energy relative to the
Fermi level in increasing order. The insets are schematic diagrams illustrating the
mechanisms of Auger recombination (AR, orange dashed arrow) and impact ioni-
zation (Il, green dashed circle) processes in the phase transition. The time evolution
of carrier occupancy in molecular orbitals near the Fermi level, from valence band 3
(VB3) to conduction band 7 (CB7) is highlighted on the right.

tetrahedral configuration within -~250fs after photoexcitation.
Until 400 fs, Ad remains below 2.0 A, N, stabilizes at 4 with minimal
fluctuations, and g, varies around 0.95, all of which imply that the light-
induced diamond-like structure enters a structural metastable state.

During the subsequent annealing process, the interlayer spacing
Ad, buckling height Az and the number of interlayer bonds N5 stabilize
at -2.0, -0.35 A and 4, respectively. In contrast, the tetrahedral order
parameter g, rises from ~0.95 to 1, which clearly indicates that the
metastable diamond-like structure relaxes into a perfect CD structure
and acquires an electronic band structure very similar to that of CD. To
verify the influence of initial state selection on the annealing processes,
we extract another configuration from the rt-TDDFT trajectory at
280 fs as the initial state for the thermal relaxation process, as shown in
the Suppl. Fig. 6. A comparison of Fig. 2b and Suppl. Fig. 6 reveals that
although the relaxation processes initiated from different excited-state
configurations exhibit subtle differences in specific dynamic behaviors,
the final phase transition structure remains unaffected.

Given the features of the atomic and electronic structure evolu-
tion, we propose the laser-induced phase transition from graphite to
diamond undergoes three distinct key stages: (i) structure distortion of
graphite; (i) sp*to-sp® bonding transition; (iii) relaxation into the ulti-
mate phase, delineated by the different background colors in Fig. 2. It
is worth mentioning that under the same laser excitation condition, AA
stacked graphite undergoes a similar phase transition to AB stacked
graphite (Suppl. Fig. 7).

Ultrafast dynamics of excited charge carriers
Based on the non-thermal reaction pathways of graphite-to-diamond
conversion identified above, we next focus on elaborating the

nonequilibrium dynamics of photogenerated charge carriers within
the femtosecond timescale, which is crucial for initiating the phase
transition. In Fig. 3a, we track the changes of electronic structures
and photogenerated carrier distribution along the light-induced
carbon structure conversion and present the corresponding elec-
tronic states at each of the three stages. The blue and red dots
represent the photogenerated electrons and holes, respectively, and
the size of the dots depicts the population of excited charge carriers.
Under the ultrafast laser pulse with a photon energy of 1.55 eV and a
fluence of 120 mJ/cm?, the electron subsystem of graphite is boosted
immediately in the vicinity of a high symmetry point, with both
resonance excitation and multiphoton absorption observed. The
percentage of excited electrons reaches a maximum of about 3.8%
during the direct action of laser light (see Suppl. Fig. 8). By the end of
the first stage of phase transition at 160 fs, the electrons excited from
the m band to the " band have scattered into the unoccupied ¢
interlayer band, as shown in Fig. 3b. Such redistribution of photo-
generated electrons accounts for the weakening of in-plane C-C
bonds, resulting in the lattice instability of graphite and promoting
the out-of-plane distortion.

We further carry out a thorough analysis of the carrier occupancy in
each electronic state during the light-induced process. Temporal evo-
lution of the distribution of the photogenerated charge carriers (Ag) in
each orbital is presented in Fig. 3c. We find that starting from ~100 fs
after the end of light irradiation, a small fraction of photoexcited elec-
trons is scattered to high-energy orbitals, as indicated by the orange
arrow in Fig. 3c. The new distribution is the result of Auger recombi-
nation (AR), in which the excess energy released by electron-hole
recombination scatters electrons to higher energy levels. On the other
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Fig. 4 | Dynamic phonon coupling and competition. a Time evolution of excited
phonon modes at I point for the graphite phase transition to cubic diamond. The
excitation degree of each phonon branch at each moment is characterized by

projecting the atom displacement in the trajectory onto the corresponding phonon
eigenvectors. b Vibrational modes of specific excited phonons. The colored arrows
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indicate the direction of atomic displacement of phonon modes. ¢ Average
amplitude of different excited phonons in the phase transition processes of various
products. The amplitudes are obtained by averaging over the time period of 300 to
400 fs in different trajectories. d Schematic diagram of the relationship between
the type of excited phonon mode and the final structure of the phase transition.

hand, in the second stage of phase transition (>160 fs), an increase of
charge carriers is also observed near the Fermi level, highlighted by the
green dashed line in Fig. 3c. It may be attributed to the energy release
from high-energy electron collisions to create new electron-hole pairs,
namely impact ionization (I), leading to an increase in charge carrier
occupancy near the band edges. It is worth noting that although the
Hamiltonian used in our non-adiabatic calculations does not explicitly
include electron-electron scattering terms®, the incorporation of mul-
tiple k-points and the presence of lattice distortions (or virtual phonons)
allow electron scattering to be included to a certain extent. This enables
us to capture the key Auger process and carrier transport. Since adia-
batic TDDFT tends to underestimate the carrier-carrier interaction and
the scattering rates in real systems to some extent, the actual electron-
electron scattering effects might be more pronounced than what the
current simulation results show.

Specifically, during the first stage of phase transition (<160 fs),
photoexcitation occurs mainly between the three highest occupied
orbitals and the three lowest unoccupied orbitals, that is, from valance
band VBI1-3 (counted in the order of decreasing energy from the Fermi
level) to conduction band CB1-3 (counted in the order of increasing
energy from the Fermi level), as shown by the blue and red curves in
Fig. 3c. A small amount of excited charge occupation is also observed
in CB5 and CB6 during this stage. In the second stage of phase tran-
sition where interlayer sp® bonds form, the charge carrier occupancy of
VB2, VB1, CB1, CB2 increase significantly, while more electrons are
scattered into high-energy orbitals, such as CB6 and CB7. Upon

entering the relaxation stage at ~250fs, 2% of the photogenerated
charge carriers are retained. The redistribution of photogenerated
charge carriers is the result of the combined action of AR and Il pro-
cesses. Among them, AR is the dominant process that further scatters
excited electrons into higher energy levels, thereby reducing the in-
plane stability of graphite and promoting the formation of inter-
layer bonds.

Key role of specific phonon excitations

Based on the understanding of the electronic origin of the phase
transition, we further investigate the lattice dynamics induced by the
redistribution of photogenerated charge carriers through
electron-phonon coupling, as well as the influence of excited phonon
modes on the optical pathway of graphite-to-diamond conversion.
Under light irradiation, the electronic subsystem of graphite is rapidly
excited within tens of femtosecond, as shown in Fig. 3. To identify and
track the emergence and evolution of excited phonons, we project the
real-time displacement of carbon atoms onto the 48 phonon eigen-
vectors of the initial graphite structure. The projected intensity, shown
in Fig. 4a, can be expressed as }_.d; - u;, where d; is the displacement
vector of the ith atom from the ground state at ¢=0, and u; is the
phonon eigenvector of the jth phonon branch.

We find that three phonon modes, i.e., B;,, A, and Bég modes, are
gradually excited during the first stage of the phase transition, as
demonstrated in Fig. 4b. The excited interlayer shearing modes B,, and
Ag are responsible for the occurrence of interlayer sliding in graphite,
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which is the result of T-i* optical transition*’. Another excited mode,
Bég, accounts for the interlayer compression of graphite. The excitation
and cooperation of these specific phonon modes provide the necessary
conditions for the initiation of the graphite-to-diamond phase transi-
tion. More intriguingly, starting from ~160 fs, a fourth phonon mode,
namely ng, is gradually excited through phonon-phonon coupling, as
indicated by the red triangles in Fig. 4a. This mode represents the out-
of-plane non-resonant motions of carbon atoms that lead to the
intralayer buckling of graphite. To further explicitly demonstrate the
phonon-phonon coupling effects during the phase transition, we cal-
culate the potential energy surfaces (PES) of ng mode under the
condition where the Bég mode exhibits different displacements. The
results shown in the Suppl. Fig. 9 indicate that the intense excitation of
Bég mode can effectively induce substantial changes in the PES of
the ng mode. The average atomic displacement (Ar) of the above four
primarily excited phonon modes at I' point is also calculated and pre-
sented in Suppl. Fig. 10, to further demonstrate the lattice dynamics
and anharmonicity during the excitation and phase transition process
in real space. Similar behaviors to those observed in the phonon pro-
jection plot have been observed, see Suppl. Fig. 10.

Since the interlayer spacing of the excited graphite system
remains within 2 A after 160 fs, adjacent layers begin to form interlayer
sp® bonds through deformation, and metastable diamond-like (CD)
structure appears at ~250 fs. In the light-induced formation of the CD
structure, other transverse optical (TO) phonons are also induced to
experience weak excitation from the second stage onwards.
Similar coupling behaviors of multiple excited phonons have also
been observed in other systems**, for example, the coupling
between in-plane and out-of-plane polarizations in ferroelectric mate-
rial a-In,Se;".

The formation of different carbon allotropes (sp>-bonded) from
graphite is an issue of great interest. Our independent non-adiabatic
excited-state dynamic trajectories obtained under different photo-
excitation conditions suggest that CD, HD, and orthorhombic
W-carbon with 5- and 7-membered rings could all be the outcomes of
optically driven phase transitions in graphite. By comparing the types
and intensities of excited phonons that result in different final carbon
structures, we conclude that the excitation of the B,,, A, and ng
modes is a prerequisite for initiating the deformation of graphite
structure and providing the essential lattice distortion for the forma-
tion of sp®> bonds. Although we only observed the formation of the
W-carbon under the laser conditions employed, different carbon
allotropes**° may also form when specific phonon modes are excited
through the combined effects of electron-phonon coupling and
phonon-phonon interactions.

There is a strong correlation between the structure of light-
induced phase transition products and the four most strongly excited
phonon modes. Figure 4c displays the average amplitudes of different
excited phonons during the period of 300 to 400 fs, corresponding to
the dynamic trajectories that lead to the formation of different final
structures. By analyzing the excitation strengths of all six phonon
modes selectively excited from the second stage of the phase transi-
tion, including ng and five TO modes (also see Suppl. Fig. 11), we find
that, compared to the other modes, the strongest excitations of ng,
TO-5 and TO-4 modes dominate the generation of the CD, HD
and W-carbon structure, respectively. As illustrated in Fig. 4d, the
dependence of the light-driven product on the excitation phonons is
the result of the competition between the excited phonon modes
in the second stage of the phase transition after photoexcitation.
The intrinsic vibrational modes of the most prominent phonons,
coupled with the sliding and compression phonons excited in the first
stage, determine the upper and lower alignments of the in-plane
buckling and thus the final atomic structure of the phase transition
product.

Optical regulation of phase transition
After addressing the driving forces and microscopic mechanism of
light-induced graphite-to-diamond phase transition, we next explore
how particular laser conditions affect the conversion of graphite to
diamond. To distinguish the atomic structure of CD and HD, we further
define a bond parameter Q, expressed as
1\ 2
N-3))

mn

Vimnj Jj=123

Q=(Qun) = <1 - %[Z:: <cos [min(

@

where m and n represent the two carbon atoms of a specific C-C bond,
and i and are the other three nearest neighboring carbon atoms of m
and n, respectively. For each atom i, the dihedral angle y;,,
determined by the four atoms (i, m, n and j), has three possible values
corresponding to three different j. The minimum values of |y,,,;| are
0° and 60° for standard overlapping or crossed carbon-carbon bonds,
respectively. This means that the Q,,, value of a standard eclipsed C-C
bond is 0, while that of a crossed C-C bond is 1, as illustrated in Suppl.
Fig. 12. Therefore, the average Q value of all C-C bonds in CD and HD is
close to 1 and 0.75, respectively. To clarify, the bond parameter Q is
used to distinguish CD and HD structures, while the tetrahedral order
parameter g, characterizes the tetrahedral configuration in carbon
structures.

InFig. 5, we report that, at a pump wavelength of 800 nm (1.55 eV),
the structures obtained from the light-driven phase transition exhibit a
significant dependence on the laser fluence. The dashed lines indicate
the approximate boundaries between the different carbon structures.
The diagram suggests that CD is the main product of light-induced
phase transition at laser fluences of ~120-130 mJ/cm?, while graphite
transforms into hexagonal diamond (HD) and W-type carbon when the
fluence is above and below this range. In the case of fluence value
below ~90 mJ/cm??, the system lacks sufficient excitation energy to
initiate the first stage of the phase transition. In contrast, when the
laser power is excessively high, it results in the inability to properly
excite the required phonon modes during the second stage of the
reaction, and thus the crystalline structure fails to form.

We propose the wavelength-fluence phase diagram of the
graphite-to-diamond transition in Fig. 5b, where the laser wavelength
ranging from 600 to 1000 nm and the light fluence reaching the order
of magnitude of 102 mJ/cm? are all experimentally achievable®**,
Based on the thirty independent non-adiabatic photo-reaction trajec-
tories, we find that the light-driven diamond conversion of graphite is
mainly achieved in the region close to the graphite damage threshold
and requires sufficient and appropriate laser power. The longer the
wavelength, the lower the required laser power (also see Suppl. Fig. 13).
It can also be observed that within the fluence range where diamond
structures are formed, the CD structure is more likely to be generated
in the middle interval, while the HD structure is more prone to form in
the upper and lower regimes. Laser fluence is directly related to the
amount of electronic excitation and the specific modes of phonon
excitation. Over-excitation leads to system collapse, while insufficient
excitation fails to drive the graphite structure to overcome the reac-
tion barrier and complete the phase transition. As indicated in the
Suppl. Fig. 13, the electronic excitation level in the phase transitions
that result in the formation of the CD or HD ranges from ~3.4% to 4.2%.

To gain further insight into the light-induced graphite-to-diamond
phase transition mechanism revealed above, we compare the dynamic
behavior of photoinduced structural transformation in graphite across
different supercell sizes within the rt-TDDFT non-adiabatic computa-
tional framework, and the results show that the phase transition
mechanism is essentially consistent (Suppl. Fig. 14). Compared to large
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Fig. 5 | Phase diagram of light-driven graphite phase transition. a Fluence
dependence of laser-induced graphite phase transition under a pump wavelength
of 800 nm. Tetrahedral order parameter g, and bond parameter Q are obtained by
averaging from 300 to 400 fs in each trajectory. The dashed lines are guides for the
eye to distinguish approximate boundaries of different carbon structures. b Optical
modulation capability of the laser on the graphite phase transition. The bond
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parameter Q is used to distinguish CD and HD structures. (Q) ~1 stands for a perfect
CD structure, and (Q) ~0.75 indicates a HD structure. Experimental values of gra-
phite damage threshold are shown in black (refs. 36-38). The dash-dotted lines
indicate the upper and lower boundaries of the laser fluence required to achieve a
stable diamond structure at a given wavelength. Black and gray brackets indicate
the approximate parameter ranges for forming CD and HD, respectively.

supercells or experimental scenarios, the direct interaction of laser
pulses with the interior of small supercells is likely to trigger a faster
and more sensitive response in phase transition simulations. Further-
more, investigations into the effects of laser polarization direction
(Suppl. Fig. 15) and graphite defects indicate that laser irradiation
with polarization perpendicular to the graphite plane barely generates
sufficient excited electrons to induce phase transitions, while defects
would also hinder the order-to-order phase transition process. These
results imply that in the case of polycrystalline graphite, the existence
of grain boundaries and high defect concentrations may substantially
reduce the efficiency of the photoinduced graphite-to-diamond phase
transition.

Discussion

Femtosecond Raman spectroscopy is expected to provide experi-
mental verification for the mechanism of photoinduced graphite-to-
diamond phase transition we proposed. This technique is developed to
investigate ultrafast photoinduced structural changes in materials™,
and has been applied to reveal the nonequilibrium coupling between
the £, and E,, modes of the crystal lattice in bilayer and multilayer
graphene®, as well as the dynamics of short-lived transients in thin
films”.

Our first-principles non-adiabatic dynamic studies reveal the fea-
sibility and dynamic pathways of light-induced graphite-to-diamond
phase transition on ultrafast timescales and elucidate the microscopic
mechanism of such nonequilibrium structural phase transition as well
as the phase diagram for optical control. The direct electronic driving
force for the light-induced diamond phase transition arises from the
redistribution of excited charge carriers, and those scattered into high-
energy orbitals result in the instability of the graphite structure.
Meanwhile, the excitation of specific phonon modes induced by
electron-phonon coupling plays a key role in the further evolution of
the atomic structure, where the excitation of three induced phonon
modes corresponding to the interlayer compression and sliding in the
first stage is a prerequisite and necessary conditions for the transfor-
mation from sp? to sp® bonds. Subsequently, the further
phonon-phonon coupling induces specific new phonon excitation,
and the level of excitation determines the fine structure of the ultimate

phase transition products, such as CD or HD structures. The proposed
wavelength-fluence phase diagram for light-induced diamond forma-
tion demonstrates the capability and rule of ultrafast lasers with
appropriate wavelength and power in optically modulating the phase
transition. Our results provide a clear physical picture of how photo-
excited charge carriers, through electron-phonon interactions, couple
with induced lattice motions to drive the evolution of atomic struc-
tures. The proposed fundamental laws and reaction phase diagrams
for light-induced diamond formation provide a priori basis for
achieving precise optical synthesis.

Methods

First-principles excited-state molecular dynamics simulations
First-principles non-adiabatic molecular dynamics simulations were
performed using time-dependent ab initio package (TDAP)**,
where the electron dynamics are captured within the framework of
real-time time-dependent density functional theory (rt-TDDFT) and
the coupled motion of electrons and nuclei is described by Ehrenfest
dynamics®. Graphite crystal is simulated with a 2 x v/3 x1 supercell,
containing two AB stacked sublayers of 16 carbon atoms. The initial
lattice dimensions of the supercell are 4.92, 4.26, and 6.80A,
respectively, and the graphite interlayer distance is 3.40 A. Numer-
ical atomic orbital basis set with double zeta polarization (DZP) and
Troullier-Martins pseudopotentials are adopted. We employ the
local density approximation (LDA)®' to describe the electronic
exchange-correlation energy. An auxiliary real-space grid equivalent
to a plane-wave cutoff of 150 Ry is used, and the Brillouin zone is
sampled by a 4x4x3 k-mesh. Linearly polarized laser pulse is
applied along the armchair direction (y-axis) of graphite, with a
Gaussian-enveloped waveform E=E, cos(wt)exp[—(t — t0)2/202],
where the photon energy fw is 1.55 eV, field intensity £, =0.514 V/A
attime ¢, = 48 fs. The timestep of 0.04 fs is applied for both electron
and ion motions, evolving in a constant pressure-energy (NPE)
ensemble, where pressure is controlled by the Parrinello-Rahman
method®. After the light field irradiation, the total energy of the
system remains essentially constant, with only a slight drifting of
~0.0002 eV/fs per atom caused by the accumulation of numerical
errors.
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Band structure and phonon calculations

Band structures are calculated via Vienna Ab Initio Simulation Package
(VASP)** adopting the projector augmented wave (PAW) method.
Phonon frequency and eigenvectors are calculated within den-
sity functional perturbation theory (DFPT) using PHONPY®*.

Born-Oppenheimer molecular simulation and structural
relaxation

The structure relaxation from metastable light-induced product con-
figuration is performed with CP2K package®. Initial atomic structure,
velocities and temperature for the annealing simulation is obtained
from the configuration of the non-adiabatic rt-TDDFT simulation at
400 fs. All configurations are annealed to room temperature by an 8 ps
constant-pressure Born-Oppenheimer MD simulation with a cooling
rate of 300 K/ps and a timestep of 0.1fs, to achieve the state of stable
carbons structure. Valence electron wave functions are expanded in a
single zeta Gaussian basis set (SZV)®°. Goedecker-Teter-Hutter (GTH)
pseudopotentials®’ and BLYP exchange-correlation functional®®®’
are used.

Data availability

The source data of the main Figures in this paper are included as
Source Data. Additional information can be obtained by contacting the
corresponding author. Source data are provided with this paper.
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