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The formation of a hexagonal diamond represents
one of the most intriguing questions in materials science. Under
shock conditions, the graphite basal plane tends to slide and
pucker to form diamond. However, how the shock strength
determines the phase selectivity remains unclear. In this work,
using a DFT-trained carbon global neural network model, we
studied the shock-induced graphite transition. The poor sliding
caused by scarce sliding time under high-strength shock leads to
metastable hexagonal diamond with an orientation relationship of
(001)//(100)yp+[010];//[010]yp, while under low-strength
shock due to long sliding distance cubic diamond forms with the
orientation (001)g//(111)cp+[100]5//[110]cp, unveiling the
strength-dependent graphite transition mechanism. We for the
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first time provide computational evidence of the strength-dependent graphite transition from first-principles, clarifying the long-term
unresolved shock-induced hexagonal diamond formation mechanism and the structural source of the strength-dependent trend,
which facilitates the hexagonal diamond synthesis via controlled experiment.

hexagonal diamond, graphite, shock, molecular dynamics, neural network potential

our-coordinated carbon allotropes (sp*-bonded), such as

diamond, exhibit the highest hardness and illustrate
excellent potential for technological applications. Over the
past decades, multiple new sp>-bonded carbon allotropes have
been discovered and synthesized by well-developed techni-
ques,' > contributing to both scientific research and industrial
applications. Lonsdaleite, however, has remained a mystic
exception since 1962 when it was first proposed.® Lonsdaleite,
also called hexagonal diamond (HD), was first found in the
Canyon Diablo meteorite.” The shock-induced transition of
graphite during meteorite impacts on both extraterrestrial
bodies and Earth is believed to account for Lonsdaleite’s
formation, which could serve as marker for meteor impacts and
the related aftermath.*”'" Lonsdaleite has been attracting
intense scientific interest in material science due to the
potential superior mechanical properties.'>'> Theoretical
simulations'* indicated that the hardness of HD may surpass
cubic diamond (CD), the hardest materials in nature.
Therefore, the experimental synthesis of HD from other
carbon allotropes (particularly graphite) has been of practical
and fundamental importance.

The challenge of synthesizing HD intrinsically originates
from its thermodynamic metastability, since CD is the most
thermodynamically stable high-pressure phase.'®
quently, only the kinetic-controlled approach is promising for
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the synthesis of HD, which demands stringent synthetic
conditions. In 1960s, Bundy et al. first reported the
experimental synthesis of hexagonal diamond at high-pressure
and high-temperature (HPHT) conditions.'® However, in
subsequent decades, numerous HTHP experimental results
have yielded only hexagonal diamond as a minority phase using
various high-pressure techniques. The reported HD was
identified mainly based on ambiguous X-ray diffraction
(XRD) patterns or selected area electron diffraction due to
the difficulty of synthesizing a bulk pure HD crystal."” >
Thus, the existence of HD has been under intense
debate.'”'*"** Some groups argued that the observation of
HD in previous experiments and meteorites is merely a
misinterpretation of defectivation of CD, and the HD cannot
exist as an independent phase but only stacking fault or twins
in CD."

On the other hand, shock compression techniques that
simulate meteorite impact have made desirable progress in HD
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Figure 1. Orientation relation of graphite and shock-induced diamond.

synthesis. In the earlier 1990s, Erskine et al. reported the
shock-induced martensitic transition with two-wave pattern
from highly oriented graphite to CD with onset pressure of
~19.6 GPa, which is overdriven to single-wave pattern above
40 GPa>** In subsequent decades, CD dominated the
recover materials of most shock ex%)eriments.zs’26 Until recent
years, using in situ XRD, Kraus 7 and Turneaure®® et al.
reported the shock-induced formation of HD from highly
oriented pyrolytic graphite (HOPG). The discrepancy among
these experiments indicates that the shock-induced transition
of graphite possesses shock strength (evaluated by stress or
particle velocity) selectivity, while the origin of shock strength
selectivity has been unexplored until now. In addition, though
such experimental efforts confirmed the possibility of HD
synthesis from shock-compressed graphite, the critical shock
strength for HD formation is still obscure. Kraus et al.”’
yielded HD with shock stress above 170 GPa, and Turneaure
et al.”® reported the HD formation at stress as low as ~50 GPa,
while Armstrong et al.”” observed G/HD transition at a shock
pressure of ~80 GPa. The ambiguous conditions for HD
formation not only hinder the synthesis of HD, but also
possibly introduce incorrect interpretations of meteorite
impact events. According to the orientation relation of
transitional products from graphite (Figure 1), transverse
layer sliding is a necessary stage during the transition from
graphite to diamond. From a topological perspective, the layer
sliding distances for G/CD and G/HD transitions are different.
For the G/CD transition, a longer distance (at least 1.027 A
per layer) is needed from ABAB stacking to ABCABC stacking,
while for the G/HD transition, a shorter distance (0.385 A per
layer) is needed from ABAB to AB’AB’ stacking.

Theoretical simulations have been conducted extensively in
recent years as an important step toward understanding the
microscopic nature of graphite phase transition selectivity
under shock. Via static simulation, some researchers’® >
reported that g_raphite to CD has the lowest energy barrier,
while some> ™ reported that graphite to HD has the lowest
energy barrier. In those static calculations, the energy barrier
unit is eV/atom, not the true nucleation energy unit eV for the
small periodic conditions cannot contain the true diamond
nucleus inside. On the other hand, static simulations fail to
simulate nonequilibrium process well, large-scale molecular
dynamics (MD) simulations**™*’ are more efficacious to
follow the shock-induced transition in real time. Via ab initio
molecular dynamics simulation, Mundy et al*® found that
graphite transforms to an intermediate layered diamond before
it transforms into cubic diamond under shock. While
integrating classical adaptive intermolecular reactive empirical
bond order-Morse (AIREBO-M)” and long-range carbon
bond-order potential II (LCBOPII)*” potentials, Sun and
Pineau found that graphite only yields CD as the main product

Graphite

Cubic diamond

regardless of the shock strength, with HD appearing as the
twin structure. These results are inconsistent with the
experimental findings. Unfortunately, to date, neither ab
initio>® nor empirical force field simulations®”*? can reproduce
the experimental shock-induced HD formation.”””® The ab
initio simulations cannot reproduce the anisotropy of the
graphite system due to the limited system size and high
computational cost, while classical force fields are too simple in
functional forms to capture the interatomic interactions of
carbon since they are parametrized to match limited
experimental thermophysical data and fail to reach the
requisite accuracy. Even a more complex angular-dependent
potential (ADP),** which was parametrized recently based on
ab initio calculations by extending the multipole expansion
approach to the quadrupole term, still fails to reproduce pure
HD formation under high-strength shock (Supplementary
Figure S). Thus far, no conclusive computational evidence of
the shock strength-dependent formation of pure HD is
available, and an effective method that can identified between
accuracy and speed is urgently needed to discover the shock-
induced HD formation mechanism.

Recently, machine-learning (ML)-based atomic simulations
have emerged as a major step forward for accelerating material
research, which relies on predictive surrogate ML models, such
as artificial neural networks (ANNSs), to evaluate the atomic
energy and force of complex potential energy surfaces (PESs).
The neural network (NN) models can meet the needed level
of accuracy and properly describe chemical reactions by
pretraining a large representative PES data set calculated from
quantum mechanics, from which the NN models capture the
many-body correlations and complex polarizability effects of
multidimensional PESs. The method pushes the boundaries of
atomic simulations to a vast array of complex material and
chemical reaction systems,”™*' showing great advantages
compared with classical force field methods in representativity,
extensity, and continuity."” In this study, by using an ab initio-
based global neural network (GNN) model of carbon trained
on a density functional theory (DFT)-based PES data set
globally sampled from stochastic surface walking (SSW)
simulations,” we performed unbiased MD simulations to
study the strength-dependent graphite-to-diamond phase
transition mechanism under shock condition. By varying the
particle velocities from 1.0 to 8.0 km/s, we found that graphite
transforms into CD at velocities of 3.5—4.5 km/s, into HD at
velocities above 4.5 km/s with an orientation relation of
(001)//(100)4p+[010]5//[010]44p, and into an amorphous
carbon/HD phase at velocities above 6.0 km/s. Our
simulations are uniquely consistent with the experimental
shock-induced formation of HD and reveal the microstructural
origin of the strength-dependent transition in graphite shock
experiments. The proposed transition mechanism provides a
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transition mechanism. Light red atoms represent the hexagonal diamond phase, light blue atoms represent the cubic diamond phase, and gray

atoms represent either the graphite or amorphous phase.

basis for HD identification and, therefore, helps to further
determine the critical shock strength to HD.

The details of the GNN potential can be found in the Methods
section. The benchmarks for the accuracy of this potential are
presented in Supplementary Figure 1 and Supplementary
Table 1, showing values comparable to those of DFT
calculations. The shock MD simulations are performed in
the large-scale atomic/molecular massively parallel simulator
(LAMMPS) package,44
presented in the Methods section. To rule out possible sizing
effects caused by the periodic boundary conditions, we
constructed a series of models with different sizes for shock
simulations containing 1040, 4480, 7200, 9720, 10560, and
13728 atoms. For models with more than 9720 atoms, the
simulation results show no significant difference, indicating
that the system size is sufficiently large to obtain reliable
results. We chose the simulation results of 13728 atoms (2.57
nm X 2.72 nm in the x—y plane, SO layers) for detailed
analysis. To eliminate the synergistic interaction of incident
and reflected shockwaves,” we only focus on the simulation
time before shockwave reaching the box bottom. Shock
simulations along the [210]g and [010]; directions were
performed but only cause a zigzag-like bending of the graphite
sheets, leading to amorphization (Figure 2a and b). Thus, in

and a detailed simulation method is

this work, we only focus on the shock simulations along the
[001]¢ direction.

The main shock product structures of different particle
velocities (u,) along the [001]g direction are presented in
Figure 2c. Other shocked structures and the structural
evolution findings from simulations are shown in Supple-
mentary Figures 2 and 3, respectively. The evolutions of
temperature distribution are exhibited in Supplementary
Figure 4, which shows a temperature surge after shock for
the kinetic energy converts into thermal energy. As shown in
Figure 2c, only elastic compression occurs when u,, < 3.5 km/s
without a transition. The interlayer spacing is compressed but
the typical layered structure is retained without interlayer
bonding. When u, increases to 3.5 km/s, the G/CD transition
is observed under ~50 GPa, with the first CD layer emerging
at ~0.9 ps. The orientation between graphite and CD is
(001)g//(111)¢cp + [100]g//[110]cp (Figure 2d). Twin
structures can be found in some cases (Figure 2c). When
the u, > 4.8 km/s, metastable HD is the main transitional
product with an orientation of (001)5//(100),, + [010]5//
[010]p (Figure 2d). The first HD layer emerges at ~0.3 ps,
much shorter than that of CD. Defects and deformation are
found in the HD phase. The crystal quality improves as the u,
increases until reaching 5.7 km/s. The details of the G/CD and
G/HD transition mechanisms are presented in Figure 2d and
are discussed in detail in the following section. Interestingly, a
mixed CD-HD phase is found at u,, = 4.5 km/s with ~80 GPa
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Figure 3. Layer-averaged longitudinal stress (P,) analysis of three typical cases along the wave propagation direction. (a—c) Wavefront evolution
with time. Red, green, and blue represent high, medium, and low stress, respectively. (d—f) Wave pattern and corresponding structural depiction at
specific times. G: graphite, CD: cubic diamond; and HD, hexagonal diamond.

stress, which is the critical stress of HD formation in this study.
When u, reaches 7.0 km/s, graphite collapses structurally to an
amorphous form due to the extremely high stress. Our
simulations and the previous experimental results clearly show
that the shock-induced transition of graphite is strength-
dependent. For comparison, we performed similar simulations
using other potentials (Supplementary Figure S), including
adp, edip, Icbop, and tersoff. Except for adp, which yields a
small amount of HD at 4.0 km/s shock that returns to CD at
5.7 km/s shock, none of these empirical simulations can strictly
reproduce the experimental shock-induced HD formation. To
date, our ab initio NN simulations are uniquely consistent with
previous experiments.28

To clarify the essence of this strength-dependent phenom-
enon, detailed shock stress (P,) analysis was performed along
the wave propagation direction for three typical cases. As
shown in Figure 3a and d, a two-wave pattern is identified in
the u, = 4.0 km/s case, namely, the elastic wave (P1) and
transitional wave (P2). P1 and P2 waves are integrated at first
but gradually split into two waves (Figure 3a) because the P1
wave propagates much faster than the P2 wave. Under the P1
wave, the decreasing of interlayer spacing leads to the
formation of a short-lived layered structure (Figure 2d) similar
to that proposed by Mundy et al. in their ab initio study.”® In
this intermediate state, the graphite layers slide transversely,
resulting in a slight stacking variation, but no obvious plane
puckering is observed. The intermediate state lasts for ~0.5 ps
before reverting to the graphite structure with few interlayer
bonds left (Figure 2d). When the P2 wave arrives, the graphite
plane is bonded to the adjacent CD layer and puckers into a
chair conformation. The graphite layer at the G/CD interface
continues sliding to fit in the ABCA stacking and finally
becomes a new CD layer (Figure 2d). The two-wave pattern
accompanying CD formation is consistent with previous
experimental results.””*> In this scenario, the simulation box
is divided into three regions: uncompressed graphite, com-
pressed graphite, and diamond (Figure 3d). Notably, there are

some HD layers in the final CD matrix, resulting in twin
structures.

Figure 3b and e shows the u, = 4.5 km/s results, yielding an
HD~-CD mix product with a two-wave pattern. However, P1 is
closer to P2 in this case than in the 4.0 km/s case. HD only
forms in the early stage of shock, while CD formation follows
HD formation (Figure 3e) after the separation of P1 and P2.
Intriguingly, during the G/HD transition of this case, the
layered intermediate structure directly transforms into HD
(Figure 2d) instead of reverting to the graphite structure as the
G/CD transition (similar to u, = 4.0 km/s path in Figure 2d)
shows.

Figure 3¢ and f shows the u, = 5.7 km/s results with pure
metastable HD phase formation. The wave profile and
wavefront propagation analysis clearly show an overdriven
single-wave pattern, consistent with previous experiments by
Kraus et al.”” and Turneaure et al.”® Without the observation
of the P1 wave, the short-lived layered structure is absent and
the graphite directly transits into HD (Figure 2d). At the
wavefront of the P2 wave, the graphite plane puckers into a
boat configuration and is bonded with the adjacent HD layer
to form the G/HD interface. Hindered by the interlayer bonds,
the graphite layer in the interface slides only a short distance to
fit in the AB’AB’ stacking order. In this case, the simulation box
is separated into two regions: uncompressed graphite and HD
(Figure 3f). Notably, the amorphous phase forms in the early
stage of the 5.7 km/s case, the amount of which increases with
increasing particle velocity (Supplementary Figure 2).

We can find that the strength-dependent behavior has a
strong relationship with the wave pattern and confirms the
prevented sliding under a high-strength shock. With the two-
wave pattern, the graphite layers can slide for a longer distance
to fit the ABCA stacking, while with the single-wave pattern,
the graphite layers only slide for a short distance to fit in the
AB’AB’ stacking. To further reveal the origin of sliding
prevention, we analyzed the coupling relation of sliding and
layer spacing variation (Figure 4). We chose six continuous

https://doi.org/10.1021/jacsau.4c00523
JACS Au XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00523/suppl_file/au4c00523_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00523/suppl_file/au4c00523_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00523?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00523?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00523?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00523?fig=fig3&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

0.74 A | 3.0 km/s (G)
z : —— 5.7 km/s (HD)
Layered |
530" Ntermediatef 8.0 km/s (AC)
c /! ! 2.81A :
) f : Transition |
S5t :
» |
2.0F e
0.0 0510 5 20 25— 30

Figure 4. Spacing-sliding relation analysis. Conjoint analysis of u, =
3.0, 40, 5.7, and 8.0 km/s. CD: cubic diamond, HD: hexagonal
diamond, AC: amorphous carbon.

layers to evaluate their average spacing and centroid sliding in
four cases. The centroid layer sliding distance (S') is defined by
following equations:

1y 1 _ _
ASx(t)—Nth_](Xi(t) X(t - 1)) "

AS! :i g — Y(t —
S)(t) MZ(x(t) Yi(t - 1)) "

AS'(t) = JASK(t) + ASX(?) ()

sl(t) = zt: AS'(t)
t=0 (4)

where [ is the layer index, i represents the summation of all
atoms in one layer, N is the quantity of atoms in one layer, and
t represents the time. The parameter ' is averaged by layer to
obtain the parameter S. A larger value of S indicates a larger
layer sliding distance.

Figure 4 compares the sliding-spacing evolution of u, = 3.0
km/s (yielding compressed graphite), u, = 4.0 km/s (yielding
CD), u, = 5.7 km/s (yielding HD), and u, = 80 km/s
(yielding amorphous carbon) cases. In the u, = 3.0 km/s case,
the interlayer spacing decreases to ~2.6 A under shock without
transition for the large interlayer spacing. In the u, = 4.0 km/s
case, the process is divided into two steps. In the first step, the
interlayer spacing decreases drastically until it reaches ~2.5 A,
forming a layered intermediate via interlayer C—C bonds,
while the sliding distance continuously increases. This step
corresponds to the elastic wave. In the second step, the
interlayer spacing resumes a slower decreasing trend and finally
holds at ~2.1 A, meaning the transition completes with the per
layer sliding distance reaching ~2.81 A. This step corresponds
to the transitional wave. In contrast, in the u, = 5.7 km/s case,
the spacing directly decreases to ~2.1 A without standstill. For
the interlayer C—C bond, the layer sliding distance is only
~0.98 A when the transition completes. In u, = 8.0 km/s case,
for the scarce sliding time, the sliding distance is only ~0.74 A
while the interlayer spacing decreases to 1.8 A, shorter than
interlayer of CD(111) and HD(100) plane (~2.1 A), resulting
amorphization.

The above analysis indicates that under low-strength shock
the low stress induced by elastic wave, resulting in long sliding

distance and subsequent CD formation, while under high-
strength shock the single transitional wave induces rapid
interlayer C—C bonding that leads to HD formation for
insufficient sliding. To further confirm our arguments, shock
simulation on randomly stacked graphite was conducted
(Supplementary Figure 6), where the sliding advantage of
HD formation is absent. This simulation yields CD as the only
product regardless of the shock strength, and the sliding
distance makes no difference to product type but only affects
the product structure (Supplementary Figure 7), strongly
confirming our conclusions. Our results quantitively agree with
the speculation of Kraus et al,”” who considered that the
sliding of graphite basal planes and CD formation can be
prevented under high-strength shock conditions.

In this work, we found that shock strength determines the
shock transition result; namely, high strength shock leads to
HD formation, while low strength shock leads to CD
formation, which agrees well with the experiments of
Erskine,””** Turneaure,”® and Stavrou® et al. Under low-
strength shock pressure of 20—40 GPa, Erskine et al.”***
observed CD formation from graphite with two-wave pattern;
while under high-strength shock pressure above 50 GPa,
Turneaure™® and Stavrou et al.”> observed HD formation with
single-wave pattern. However, our results do not fully consist
with Kraus et al. results,”” who found that graphite transits to
CD under 50—170 GPa with single-wave pattern. Our
simulation results show that the overdriven single-wave pattern
implies prevented sliding and favors HD formation. Such
discrepancies would be for the fairly limited diffraction data
(one peak for CD and only two peaks for HD, with all three
peaks located at similar scattering angles) to identify the
product phases, as Turneaure”” pointed out. This work reveals
that the coupling relation of interlayer-spacing and layer-sliding
is the cornerstone of the shock-strength-dependent phenom-
enon, and the overdriven single-wave pattern may imply the
HD formation in the shock experiment. The proposed
mechanism provides an identification the basis of the wave
pattern for HD formation in shock experiments, helping to
further determine the critical shock strength for HD formation.

In addition, from the atomic mechanism of graphite to HD,
we can find that the stress direction and the graphite basal
plane sliding play key roles in HD formation. Our simulations
show that shock along the [210] and [010]; directions causes
a zigzag-like bending of the graphite sheets. Consequently, the
HD cannot form in such condition for the change of the
graphite basal plane sequence. While under shock along the
[001]g direction, the shock strength determines the HD
formation, namely, long sliding distance induces CD formation
while short sliding distance induces HD formation. Thus, it
should keep the graphite basal plane flat and inhibit its sliding
to synthesize the HD in the hydrostatic experiment. Thus,
compression on graphite along [001]; would be a reasonable
way to keep the graphite basal plane flat, and mild temperature
is recommended to be used to overcome the barrier but inhibit
the graphite basal plane sliding.

In summary, by using an ab initio NN model of carbon, our
unbiased shock simulations of hexagonal graphite uniquely
reproduce the previous experimental results and reveal the
structural origin of the shock-strength-dependent transition.
The G/CD transition is observed at particle velocities above
3.5 km/s via a diffusion-free process. The G/HD transition
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occurs at particle velocities above 4.5 km/s. Evident
amorphization is found at particle velocities above 6.0 km/s.
The coupling relation of interlayer spacing and layer sliding are
the cornerstone of the strength-dependent phenomenon. In
low-strength shock cases with a two-wave pattern, sufficient
sliding time leads to a long sliding distance, favoring CD
formation. Conversely, in high-strength shock cases with an
overdriven single-wave pattern, insufficient layer sliding leads
to a metastable HD phase. Extremely high-strength shock may
induce bond collapse and consequent amorphization. Our
study not only reveals the long-term unresolved shock-induced
HD formation mechanism but also provides a HD synthesis
method, namely, inhibiting the graphite basal plane sliding via
controlled experiments.

In this paper, all simulations were performed on Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS)
package™* with the carbon NN potential. We built quasi-1D
samples whose longitudinal size (along [001]) is larger than
the transverse sizes with different atomic quantities (containing
1040, 4480, 7200, 9720, 10560, and 13728 atoms,
respectively) to carry out convergence test. In every test,
carbon atoms were first assigned with initial velocities
according to a Gaussian distribution at T = 300 K, and then
thermally equilibrated in the isothermal—isobaric (NPT)
ensemble at a pressure of 0 MPa for 20 ps with time step
set to be 1 fs. We set periodic boundary conditions along all
axes during equilibration. For the shock simulation, a vacuum
with ~50 A thickness was added to the graphite model. The
first layer of graphite was assigned a constant atomic velocity
along the z axis (namely, the shock particle velocity u,) while
velocities of x and y were set to be 0, acting as a piston. And all
force on the first layer was removed. The last layer was fixed by
the same setting except for velocity along z axis also set to be 0.
Following analysis would leave out these two layers for
strictness. Shock simulations were conducted in the NVE
ensemble with a time step of 0.1 fs and for a time sufficiently
long to ensure the wavefront reaching the bottom of the box.
We only focused on the time before wavefront reaching the
box bottom. In convergence test, the particle velocity was fixed
to be 5.0 km/s. For models with atom number exceeding 9720,
the simulation results showed no significant difference,
indicating that the results had been convergent. We chose
the model with 13728 atoms for subsequent simulations and
analysis for a wide range of particle velocities (1.0 to 8.0 km/
s). To clarify the effect of shock direction, we also performed
similar shock simulations on [210]; and [010];, where the
longitudinal directions of quasi-1D samples are along [210]g
and [010], respectively.

The simulation results were visualized with OVITO.*® To
observe the interlayer bonds, the cutoff distance was set as 1.6
A, which is close to the representative bond length of sp*-sp®
carbon atoms (1.54 A). Local structural analysis was performed
by Identify diamond structure modification implemented in
the OVITO software.

The GNN potential is generated by SSW-NN method,*’ which
is now implemented in the LASP software.”” The NN follows
the feed-forward NN architecture with five layers (210—90—
80—80—5), reaching 62019 fitting parameters, within 173 two-

body and 37 three-body descriptors. With great representa-
tivity, the DFT training data set contains 62019 structures,
including 1299 clusters, 5857 layer structures, and 54863 bulk
structures (Supplementary Table 2). For the final NN
potential, the root-mean-square (RMS) errors for the energy,
force, and stress reaches 9.311 meV/atom, 0.231 eV/A, and
3.959 GPa, respectively.

The per-atom pressure tensor (or compressive stress) was
computed by eq S:

1
Pi(lﬂ‘/(l = mivi(lvi/i + E Z (rl(IEﬂ + ri(lP}/j)
j (5)

where @ and f take on values x, y, and z, m; is the atomic mass,
and V, is the atomic volume. The first term of eq 5 represents
the momentum flow of atom i, while the last terms correspond
to the virial due to the pairwise interaction of atom i situated at
position r; with atom j at position r;. F; and F; are, respectively,
forces on atoms i and j, while the latter sums over all neighbors
of atom i. Then, the individual atomic volume was estimated
by using the Voronoi tessellation method with the VORO++
package. To display the wave profile, the longitudinal pressure
P, was averaged in every layer.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00523.
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