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Carbon is one of the most important elements for both industrial applications and fundamental research,
including life, physics, chemistry, materials, and even planetary science. Although theoretical predictions
on the transition from diamond to the BC8 ({a3) carbon were made more than thirty years ago, after
tremendous experimental efforts, direct evidence for the existence of BC8 carbon is still lacking. In this
study, a machine learning potential was developed for high-pressure carbon fitted from first-principles
calculations, which exhibited great capabilities in modeling the melting and Hugoniot line. Using the
molecular dynamics based on this machine learning potential, we designed a thermodynamic pathway that
is achievable for the double shock compression experiment to obtain the elusive BC8 carbon. Diamond was
compressed up to 584 GPa after the first shock at 20.5 km/s. Subsequently, in the second shock
compression at 24.8 or 25.0 km/s, diamond was compressed to a supercooled liquid and then solidified to
BCS8 in around 1 ns. Furthermore, the critical nucleus size and nucleation rate of BC8 were calculated,
which are crucial for nano-second x-ray diffraction measurements to observe BC8 carbon during shock
compressions. The key to obtaining BC8 carbon lies in the formation of liquid at a sufficient supercooling.
Our work provides a feasible pathway by which the long-sought BC8 phase of carbon can be reached in

experiments.
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Carbon is the fourth most abundant element in the
universe and one of the key elements of life. Its allotropes
with advanced properties have many important applications
in scientific research and industry. For instance, graphene
[1], fullerene (Cgy) [2], and carbon nanotubes [3] have
shown superior performance and numerous potential appli-
cations in electronics, materials, and energy science. In
particular, the diamondlike materials [4-8] with advanced
mechanical properties were synthesized in the laboratory
with high pressure method recently. Despite efforts to study
high-pressure phases of carbon, the experimental evidence
of these phases is lacking due to the remarkable stability of
diamond over a wide pressure range. It has been reported
that these phases may exist in the interior of carbon-rich
planets, which are important for modeling them [9,10].

According to previous theoretical calculations [11-21],
diamond will become energetically unstable at around 1
TPa and transform into the BC8 phase (space group: Ia3)
[12,13], which is denser than diamond, and, in particular,
metallic under high pressure, although with sp® hybridi-
zation. The transition pressure from the BC8 phase to the
SC1 phase is around 3 TPa [15,16]. Previous calculations
[14] show that the transition barrier from diamond to BCS8
carbon is about 2.5 eV/atom, which means that the
diamond structure can persist to very high pressure during
compression, as shown in the metadynamics simulations
[21]. The metastability of diamond under terapascal was
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also probed by a recent experiment [22]. To overcome such
a high barrier, Sun et al. [21] designed a complicated
pathway to obtain BC8 by decompression from the high-
pressure SC1 phase. Recently, a machine learning potential
has been used to simulate the formation of BC8 carbon with
a billion atoms and nanosecond timescales [23]. However,
the pathways discussed in these works [14,21,23] are still
quite difficult for experiments. Therefore, a feasible direct
pathway to obtain BC8 carbon from diamond is still
unclear, although it is urgent and necessary.

From the experimental side, for pressures beyond a
terapascal, the dynamic loading technologies [22,24-31]
become essential. For instance, with the magnetically driven
flyer-plate technique, a tiny discontinuity was obtained on
the principal Hugoniot line of diamond, indicating the
diamond-BC8-liquid triple point [25]. It has been reported
that using decaying shock compression [27] and ramp
compression [28], the maximum pressure of high-pressure
experiments of carbon was increased from 1 to 5 TPa.
However, structural measurements are still lacking in these
experiments. Until a recent ramp compression experi-
ment [22], the x-ray diffraction pattern indicated that solid
carbon can retain the metastable diamond structure
near 2 TPa.

While diamond was predicted to transform to the BC8
phase at around 1 TPa in 1987 [12,13], direct experimental
evidence supporting its existence is still lacking. Therefore,
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it is crucial to design an achievable transition path for
dynamic compression experiments since this type of
experiment is extremely difficult and expensive. To study
phase transitions with such complex landscapes, simula-
tions with sufficiently large systems and long timescales at
an accuracy comparable to density functional theory (DFT)
are necessary. Machine learning potentials can help balance
the cost and accuracy of calculations, which have shown
great performance in studying the complex behaviors of
matter under extreme conditions recently [32-38].

In this study, we constructed a machine learning poten-
tial (MLP) for high-pressure carbon. The melting and
Hugoniot line of carbon calculated by our MLP are
consistent with the results from DFT and experiments.
Using the MLP, we designed a double shock compression
pathway to obtain BC8 carbon. Diamond was compressed
to a supercooled liquid and then crystallized to BC8 phase
in the double shock compression simulations. We also
calculate the critical nucleus size and nucleation rate of
BC8 which is an important constraint for nano-second
X-ray diffraction experiments to observe BC8 carbon
during shock compression.

To enable large-scale simulations of carbon under
extreme conditions with the accuracy of quantum mechan-
ics, we have constructed a MLP based on the neuro-
evolution potential (NEP) framework that is fitted from
first-principles calculations using the GPuMD package [39].
Our dataset contains 12 873 structures including different
solid states, liquid states, solid-liquid interfaces, as well as
many other systems, with the largest system consisting of
up to 1,024 atoms. After sufficient iterative training, a final
neural network was constructed to predict the energies and
forces. The details about our DFT calculations and the
constructions of our NEP potential can be found in the
Supplemental Material [40].

We present a series of validation tests to evaluate
the performance of our NEP machine learning potential.
The first part of the validation test involves calculating the
melting line of the diamond (FCS8) and BC8 phases using
the two-phase method [58]. As shown in Fig. 1(a), almost
all the melting points calculated with DFT in this work
(white squares) sit on the NEP melting lines (red thick
lines), and the largest temperature error is around 200 K
(~3%). Our results also align well with the majority of
previous theoretical studies [17-19,37,38], especially the
recent work using machine learning potential [37,38],
without exhibiting extreme deviations. Another important
test for our NEP potential is to recover the principle
Hugoniot line of the diamond, which is performed through
a series of NVT simulations to find the points that satisfy
the Hugoniot condition [19,59,60]. The NEP pressure-
temperature Hugoniot line (blue thick lines) exhibits good
agreement with the results calculated with SNAP MLP
(orange dashed lines) [37], both in the solid and liquid
portions of the Hugoniot line. When comparing the NEP
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FIG. 1. The melting lines and points and Hugoniot lines and

points calculated with NEP potential compared with our DFT
results, previous calculations [17-19,37,38], and experiment data
[25,27]. (a) The melting lines and points of diamond (FC8) and
BC8 phase and pressure-temperature Hugoniot lines and points.
(b) The pressure-density Hugoniot lines and points.

results with the DFT results from Benedict ef al. [19] and
our own DFT results, the solid portion of the Hugoniot line
still exhibits good agreement. While some deviations are
observed in the high temperature liquid portion, which
might be attributed to the significant electronic entropy
effect at high temperatures included in DFT calculations.

Although our results compare well with most theoretical
results, there is still a gap with experimental measurements
from Eggert et al. [27], using the decaying shock com-
pression. Since the equilibrium of a phase transition to a
well-defined shock state is hard to be achieved in the
decaying shock compression experiment [29], we also
compared the NEP pressure-density Hugoniot line
with the experiment data of Knudson [25], as depicted
in Fig. 1(b). The onset point of diamond melting measured
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by shock compression experiments is around (699 GPa,
6.08 g/cm?), which was predicted to be around (690 GPa,
6.05 g/cm?) by our NEP simulations. The experiment
Hugoniot points below 699 GPa sit on the solid part of
the NEP Hugoniot line. Meanwhile, the experiment points
higher than 699 GPa were located between the solid part
and liquid part of the NEP Hugoniot line and gradually
approached the liquid part as pressure increased. These
results demonstrate the reliability of the NEP potential used
in this study. Other validation tests can be found in the
Supplemental Material [40].

To investigate the thermodynamic process and structural
evolution during shock compression, we conducted nano-
second-scale molecular dynamics simulations involving
212960 atoms with the multiscale shock technique
(MSST) method [61-63]. The shock compressions were
applied along the (100) direction of the diamond. The
MSST Hugoniot points were represented as solid dots in
Fig 1. The final states of the complete solid and liquid
phases were aligned with the solid and liquid parts of
the Hugoniot line, respectively. And the solid-liquid co-
extensive points were situated on the melting line as a
transitional section.

In the single shock compression simulations of diamond
(FCS8), the Hugoniot line approaches the FC8-BC8-liquid
triple point in the phase diagram. Our single shock MSST
simulations did not show any indication of the FC8-BC8
phase transformation. To explore feasible pathways for
achieving the BC8 phase at higher pressures, we performed
double-shock MSST simulations. As shown in Fig. 2, we
set the velocity of the first shock at 20.5 km/s to compress
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FIG. 2. The double shock compression pathway to get BC8
carbon. The first shock compression (blue solid arrow) was
applied along the (100) direction of the diamond at the velocity of
20.5 km/s. Then, the second shock compression (red solid
arrow) was applied in the same direction. The phase transition
processes during the second shock at 24.8 and 25.0 km/s are
marked in the red dashed arrows.

the diamond to 584 GPa, and then applied a second shock
along the same direction.

With the second shock at 24.8 and 25.0 km/s, the phase
transition from FC8 to BC8 can be observed directly in our
simulations. In Fig. 3, we presented the phase transition
process during the second shock compression at
24.8 km/s. The local average atomic environment simi-
larity was used to determine whether a local atomic
environment is solidlike or liquidlike [40]. Within 10 ps,
the diamond was compressed to a supercooled liquid state
with ultrahigh density, and the pressure increased to around
1.75 TPa, which is within the stable pressure range of BC8
carbon. The temperature of the intermediate metastable
liquid is around 5100 K, which is still much lower than the
melting temperature of the BC8 phase (approximately
7600 K at 1.75 TPa). As time progressed, homogeneous
nucleation occurred at around 394 ps releasing a significant
amount of heat. After further growth of BC8 carbon, a clear
and representative pattern of BC8 carbon can be observed,
as shown in Fig. 3(e). The recrystallization phenomenon
induced by shock has also been observed in the MSST
shock compression simulations of SiO, [63]. The phase
transition process can be reflected in the simulated x-ray
diffraction (XRD) patterns, as presented in Fig. 3(f). Four
clear diffraction peaks can be observed in the simulated
XRD patterns at 400 ps and the peak positions are in nearly
perfect agreement with the BC8 phase, confirming the
formation of BC8 carbon during our simulations.

Subsequently, we extended the range of shock velocities
for the second shock to determine the range in which BCS8
can form. As presented in Fig 4(a), the MSST Hugoniot
line exhibits three distinct regions: diamond, diamond and
liquid, and complete liquid. The detailed discussions about
Fig 4(a) can be found in the Supplemental Material [40].
Here, we focused on the supercooled liquid part from
which the BCS8 phase can nucleate and grow. For the second
shock compression at 24.8 or 25.0 km/s, a highly super-
cooled liquid is formed, enabling direct observation of BC8
nucleation due to the high nucleation rate. However, for the
second shock with a higher velocity, the supercooled liquid
is formed under higher temperatures (not highly super-
cooled), which makes it challenging to directly observe the
nucleation of BCS8 using normal MD simulations. To
overcome the limitations of sampling rare events, we adopt
the seeding method [64—67] to calculate the critical nucleus
size and nucleation rate within the framework of classic
nucleation theory [40].

In Fig. 4(b), we report the critical nucleus size and the
nucleation rate of BC8 carbon at 1.8 and 2 TPa, respec-
tively. Considering the limited observation time of nano-
seconds for dynamic compression experiments and
assuming a sample size of around 1 mm?, the nucleation
of BC8 with a rate lower than 10'"® m—3s~! (1 mm 3 ns™)
is nearly impossible to be observed. Our calculations
indicate that the critical temperature corresponding to the
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transition. (e) Representative patterns of the BC8 phase viewed along the (111) direction. (f) The time evolutions of the calculated x-ray
diffraction patterns during MD simulations with a wavelength of 0.5052 A. The atoms type in the structure of (a) is classified using the
polyhedral template matching method [79]. For the structure in (b)-(d), the atoms and bonds are colored by the value of
(Kgeg — I_(Liquid), see details in the Supplemental Material [40]. All the structures were drawn and rendered using OVITO [80].

nucleation rate of 1 mm— ns~! is around 6215 and 5915 K,
respectively, at 1.8 and 2 TPa. Combining the results of
double shock compression and nucleation rate calculation,
we estimated that the reasonable shock velocity range
for the second shock to observe the formation of BC8
is approximately from 24.8 to 25.6 km/s, as shown in
Fig. 4(a).

Recently, the double-shock compression scheme has
been successfully applied in experimental studies on the
melting of MgO [68]. In addition, the multiple-shock
compression experiments have been applied in several
other systems, such as Fe [69] and H,O [70]. Ramp
compression [22,28,29] is another dynamic-loading tech-
nique, which compresses the sample slowly enough to
avoid the occurrence of a shock wave and reach high
pressure but lower temperature than shock compression.
Recent ramp compression experiments [22] have verified
that carbon can persist in the metastable diamond structure
under 2 TPa. Our simulations show that in the shock
compression, the diamond will transform into a super-
cooled liquid, and then crystallize into BC8. However, it
seems that during the ramp compression experiment, no
intermediate liquid state was formed and the phase tran-
sition to BC8 was hampered. This can be attributed to the
lower strain rate and temperature of ramp compression
compared with shock compression. Precompressing the
sample in the diamond anvil cell (DAC) and then applying

the shock wave [71] is another scheme. While this scheme
is usually applied in more compressible samples [72-75].
The combination of shock compression and ramp com-
pression is an alternative dynamic loading scheme [76-78].
Whether BC8 can be obtained under this scheme needs to
be verified by future work.

In summary, we constructed a machine learning potential
of high-pressure carbon fitted from first-principles calcu-
lations. The melting and Hugoniot lines calculated by this
machine learning potential show good agreement with the
results of our DFT calculations, as well as previous
theoretical and experimental works. Using the molecular
dynamics based on the machine learning potential, we
designed double shock compression pathways to achieve
the phase transition from diamond to BC8 carbon success-
fully. Diamond was first shock compressed along (100)
direction to 584 GPa at 20.5 km/s. Subsequently, the
second shock was applied in the same direction. For the
second shock, we reached a shock velocity of 24.8 or
25.0 km/s, the phase transition from diamond to BC8 can be
directly observed in our nano-seconds molecular dynamics
simulations. Diamond transforms into a supercooled liquid
and then crystallizes to BC8. We calculated the critical
nucleus size and nucleation rate of BC8 carbon, which is
crucial for the observation of BC8 experimentally due to the
limited observation time in dynamic compression experi-
ments. Combining these results, we propose that the
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FIG. 4. The Hugoniot points of the second shock and the results
of nucleation calculations. (a) The phase behaviors near the
melting line of diamond and corresponding shock velocities. The
melting lines of diamond and BCS8 are marked as blue and red
solid lines, respectively. The blue dotted line is the melting line of
diamond with uniaxial strain of 0.1 along the (100) direction. The
purple dashed line represents the thermal condition under which
the nucleation rate of BC8 is at 1 mm > ns~!. (b) The critical
nucleus size (N,) and nucleation rate (J) of BC8 carbon at 1.8 and
2 TPa, respectively. The black dashed line indicated a nucleation
rate of 1 mm™ ns~! and the corresponding temperature (T,.). The
temperature points below and beyond the 7', are marked as blue
and orange squares, respectively.

reasonable shock velocity range for the second shock to
observe the formation of BCS is approximately from 24.8 to
25.6 km/s. We found that the key to obtaining BC8 carbon
is the formation of liquid at a sufficient supercooling. Our
theoretical simulations could provide insights into the phase
transition from diamond to BC8 carbon and useful guidance
for seeking BC8 carbon in future experiments.
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