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The discovery of graphite transition to transparent and superhard carbons under room-temperature
compression (Takehiko, et al, Science, 1991, 252, 1542 and Mao, et al, Science, 2003, 302, 425)
launched decades of intensive research into carbon’s structural polymorphism and relative phase
transition mechanisms. Although many possible carbon allotropes have been proposed, experimental
observations and their transition mechanisms are far from conclusive. Three longstanding issues are:
(i) the speculative structures inferred by amorphous-like XRD peaks, (i) sp? and sp® bonding mixing, and
(i) the controversies of transition reversibility. Here, by utilizing the stochastic surface walking method
for unbiased pathway sampling, we resolve the possible atomic structure and the lowest energy
pathways between multiple carbon allotropes under high pressure. We found that a new transition
pathway, through which graphite transits to a highly disordered phase by shearing the boat architecture
line atoms out of the graphite (001) plane upward or downward featuring without the nuclei core, is the
most favorable. This transition pathway facilitates the generation of a variety of equally favorable carbon
structures that are controlled by the local strain and crystal orientation, resembling structural
disordering. Our results may help to understand the nature of graphite under room temperature
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The solid-solid phase transition is widely known to be sensitive
to a number of factors, such as local stress, pressure and
temperature. The physical properties of the materials are deter-
mined by their micro-structures, which are usually pathway-
dependent. Graphite is the ground state of carbon at ambient
conditions.”” The (001) basal plane of graphite spreads exten-
sively due to the delocalized m-electrons on the honeycomb
carbon sheets. The chair line and boat line are the two
signature architecture lines on the basal plane. As shown in
Fig. 1a, because the thickness of the (001)gr plane is much
greater than that of the (100)ggr plane, graphite is known to
exhibit strong anisotropic behaviors.? It has been well docu-
mented that under room temperature compression, graphite
can undergo solid-solid phase transition to an unrecoverable
superhard material. In contrast, it transforms into a hexagonal
diamond (HD, P63/mmc, #194) and/or cubic diamond (CD,
Fd3m, #227) at high-temperature and high-pressure.*”’
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However, the room-temperature compressed phases often have
blurry XRD patterns,® and were reported to be unrecoverable to
ambient pressure.” This makes their atomic structure still
unclear, nor to say the transition kinetics.

Understanding the nature of carbon polymorphism under
room-temperature compression has attracted much research
interest."® By measuring the electrical resistance, Aust and
Drickamer* found a sudden increase of resistance once single
crystal graphite is pressurized to 15 GPa, and the resistance
continues to rise with pressure. Montgomery et al.'* found that
the resistance of graphite evolves as a function of time, indi-
cating that the phase transition kinetics is sluggish. For the
high-pressure structure, Bundy® regarded it as the HD, but also
realized that this phase is unquenchable unless the tempera-
ture keeps as high as 1000 °C. Yagi et al.” agreed that the high-
pressure carbon is HD. However, they later suggested that the
high-pressure phase occupies a different structure from HD,
and it is unquenchable without heating. Their claims were
supported by Hanfland et al,”'* who found that the high
pressure phase reverses to graphite when it was depressurized
to below 2 GPa at room temperature. With decompression
under constrained kinetics, e.g., between 15 and 30 K, Miller
et al.’ found this high pressure carbon can be recovered to
ambient pressure. However, the sample color darkens between
130 and 170 K, and eventually became opaque at 260 K.
Squeezing in a pair of sapphire anvil cells to avoid the noisy
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Fig. 1 (a) SEM image of the graphite grain (scale bar is 10 um). (b) The atomic layers of graphite. (c) Two types of carbon layer: the twisting chair line and

boat line.

Raman peaks of CD, Xu et al.'® reported that the high pressure

carbon has a different bonding type from diamond for the
absence of Raman peaks at the 1330 cm™ " range, which is the
signature of CD and HD. By using synchrotron X-ray inelastic
scattering and X-ray diffraction, Mao et al.® found that both sp>
and sp® bonding can co-exist in the high-pressure carbon
allotrope with broadened XRD pattern. The high-pressure
phase is superhard since it is an indented single crystal
diamond. In short, the consensus is that the high-pressure
carbon allotrope is a transparent and superhard material with
co-existing sp?/sp® bonding, only quenchable at low tempera-
ture (<100 K), and the structure is different from that of CD or
HD. However, to our best knowledge, our current experimental
data are still insufficient to clarify the exact atomic structure.
On the theoretical side, researchers have devoted great
efforts to predict the atomic structure of high-pressure carbon
allotropes and the relative phase transition mechanisms.
During the past decade, a lot of allotropic carbon structures
have been proposed,'®™® such as layered diamond,*® M-type
carbon (monoclinic, C2/m, #12),>%*> W-type carbon (ortho-
rhombic, Pnma, #62),23 BCT structured carbon (tetragonal,
I4/mmm, #139),>* and Z-type (orthorhombic, Cmmm, #65)
carbon.'®?® For example, by using the structure search method,
Zhou et al.*® predicted two families of carbon structures, both
of which are packed by the regular bulking of five-type basic
planes (in our opinion, three types of carbon layer, see Fig. 1c).
Via a different bulking rule, Niu et al.>” discovered three novel
superhard carbon allotropes. However, contrary to experiments,
those proposed structures are predicted to be mechanically stable
at ambient conditions, and thus should be quenchable. The
phase transition kinetics is critical to clarify the transition
mechanism of room-temperature compressed carbon. Using
the NEB method, Wang et al.>* and Dong et al.®® found that
graphite-to-CD features the lowest energy barrier compared
to other carbon allotropes when following the homogenous
pathway, in which all atoms move within the unit cell. Via an
advanced nucleation mechanism pathway, in which the transi-
tions involve partial atom movements in the unit cell, Xiao
et al*® and Xie et al.*® found that graphite-to-HD is the most
favorable among other competitive pathways. Those pioneering
research studies point to the fact that the favorable transition
pathways from graphite to the reported high-pressure carbon
allotropes is still controversial. To date, neither the reported
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structures nor the phase transition mechanism can fully
explain the experimental observations.

Here, we use the stochastic surface walking method
(SSW)*°~** integrated with the high-dimensional neural networks
(HDNN) potential®® to investigate the pathway mechanism of
carbon allotropes. The candidate energy pathways obtained
through the HDNN potential are further refined by DFT calcula-
tions to calculate the accurate energetics of the reaction. The DFT
calculations were carried out by using the Vienna ab initio
simulation package (VASP).>* The exchange-correlation func-
tional is parameterized by the local density approximation
(LDA). By systematically exploring the low energy barrier pathways
stemming from graphite, we show that the boat architecture line
randomly shearing out of the graphite (001) basal plane contains
the lowest energy barrier. This mechanism also predicts a variety
of carbon allotropes with comparable free energies. The conse-
quent shallow free energy welling leads to the co-existence of
multiple carbon allotropes, thus resembling a topologically dis-
ordered structure. The disordering, as well as the predicted phase
transition mechanism, have rationalized the previous experi-
mental observation of the co-existing sp® and sp® bonding,
amorphous-like broadened XRD peaks, the stiffened elastic
properties, and the transition reversibility altogether.

The stochastic surface walking (SSW) method has success-
fully been used to predict the low-energy pathways of the crystal
phase transitions, such as TiO,** and FeO,,*® and will be the
primary method to sample the free energy landscape of the
carbon allotropes. Here, the pathway sampling was initially
carried out in a unit cell of 8 carbon atoms. Through an
exhaustive SSW sampling, thousands of initial/final state pairs
were collected at 15 GPa. The transition state (TS) was located
by the double-ended surface walking approach (DESW).*?
Among the many reaction pairs, we found two disparate types
of atomic movement that formulate the phase transition,
namely, chair architecture line undulating and boat architec-
ture line shearing. As reported by literature, most phase transi-
tions are featured by undulating the chair architecture line
layer-by-layer. This type of transition, named as the Type-I
pathway, transforms the (001)gr basal plane to an undulated
sp>-hybridized carbon layer. Surprisingly, another major cate-
gory of movement from our search belongs to the boat archi-
tecture line shearing type, named as the Type-II pathway.
Instead of moving within the plane, this type of pathway has

Phys. Chem. Chem. Phys., 2021, 23, 20560-20566 | 20561
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Fig. 2 The pathways of graphite to HD, BCT, M and X structure and the interface of the graphite and diamond, BCT, M and X structure. The structures
in Type-1 pathways are viewed down the [100]gr axis, while in the Type-Il pathway, the structures are viewed down the [120]gr axis. The Eyo is

in eV per atom and E¢ is in eV.

bridging carbon atoms that can either shift up or down to form
a sp’-hybridized carbon layer. As far as we know, the Type-II
pathway has yet to draw much attention. Snapshots of the key
structures of the two types of pathway are shown in Fig. 2.
For the Type-1 pathway, the graphite (001) plane transits to
the sp>-hybridized carbon layer via a layer-by-layer mechanism
with propagation along the [001]gg direction. Fig. 2 lists the
pathway from graphite to HD, BCT and M-structured carbon,
respectively. For example, the graphite (001) plane transits to
the boat architecture layer HD (100) with the orientation
relation (001)gr//(100)up, [100]Gr//[010]up. The energy barrier
of graphite to HD is 0.24 eV per atom. In the pathway from
graphite to the M carbon, the (001)gr basal plane transits to
both zigzag architecture and chair architecture layer, and then
bulks up to the M-type phase with the orientation relation
(001)Gr//(100)p, [100]Gr//[010]y. The calculated energy barrier
is 0.21 eV per atom. The BCT carbon phase is obtained by
twisting the (001) basal plane to the boat architecture layer with
the orientation relation (001)gr//(100)pcr, [100]6r//[001]pcr. The
energy barrier of graphite to the BCT phase is 0.30 eV per atom.
In those pathways, all of the carbon atoms in the unit cell
transit to the sp>-bonded layer propagating along the [001]gx
direction, namely, the homogenous pathway. While in the
crystal nucleation, the (001)gg basal layer in the Type-I pathway
turns into the undulating sp® architecture layers pathway,
which naturally creates a coherent interface on the graphite
(001)gg plane (Fig. 2). In this scenario, the formation of the
nuclei core, as suggested by Xiao,* is required to proceed the
phase transition. Here, we build a greater supercell of 128
carbon atoms that consists of a 3-layer nuclei core (the smallest
core), to simulate the transition barrier. The nucleation energy
barriers transiting to HD, M-type and BCT-carbon are 10.86,
15.90, and 14.04 eV, respectively. Our results support that the
pathways from graphite to CD or HD have the lowest energy
barrier among all three Type-I pathways. However, this is

20562 | Phys. Chem. Chem. Phys., 2021, 23, 20560-20566

against the experimental results, in which neither HD nor CD
was observed.>™>"®

The Type-II pathway is fundamentally different from Type-I.
As shown in Fig. 2, the bridging atoms of the boat architecture
line shears in the [001] direction with the phase transition
propagation along the graphite [100] direction. Eying a typical
movement along the pathway, the boat architecture line shifts
out of the (001) basal plane to bond with the adjunction layer,
forming a sp® bond, while the rest of the graphite carbons is
stationary. The first step of this phase transition overcomes
0.29 eV per atom, which is higher than that of graphite to HD
and graphite to M with the homogenous Type-I pathway.
Interestingly, the metastable intermediate structure is a sp’-
bonded layer, which is different from the Type-I pathway, where
the smallest core needs three layers, indicating the high-
pressure phase is formed without nuclei cores. Without a
nuclei core, the overall kinetic barrier will be reduced substan-
tially. Below, we set up a larger supercell to simulate this
process and show how the Type-II pathway can proceed without
forming nuclei cores.

Since the 8-atom unit cell is too small to embody the
complexity of atom displacement, here, we enlarged the super-
cell up to 48-atom and recalculated possible pathways in the
boat architecture line based on previous results (the surface
phase transition energy profiles can be found in Fig. S1 in the
ESIT). In the updated pool of IS/FS pairs, several newly dis-
covered pathways belonging to the Type-II pathway were added.
For clarity, we categorize two typical atomic movements that are
the most energetically favored: pathways mainly involving
single direction planar movements (namely Path-A), and path-
ways containing a mixture of upward and downward move-
ments (namely Path-B). Fig. 3 summarizes the DFT energy
profiles at 15 GPa and snapshots of typical movements along
both types. On the left panel, carbon atoms shearing along
one direction are depicted by the black arrow, signifying the

This journal is © the Owner Societies 2021
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Fig. 3 Energy profiles and key structures initiating from graphite via step-by-step shearing. The left panel is Path-A, in which atoms shear along a single
direction, the black line energy profiles; right panel is the Path-B in which atoms shear in two directions, the blue line energy profiles. Atomic movement

and moving direction are depicted by arrows.

movement of Path-A. During the phase transition, the boat
architecture line shears about ~1/2S4 (Sq is the layer distance
of the graphite (001) plane) to the middle of the graphite
internal layer in the [001] direction. Simultaneously, the brid-
ging carbons transform from sp” to sp® by bonding with carbon
in the neighboring layer. That means the bridging carbons are
obliged to shift horizontally, which breaks the six-fold sym-
metry of the graphite honeycomb sheet. Consequently, C, rings
are formed when two carbon boat architecture lines are con-
nected, while Cg rings are surround by the C, ring. The sp®
bonding in the C, ring features a 90° angle. On the other side,
Path-B is a bi-direction shearing pathway. In the right panel of
Fig. 3, the boat architecture line shears in two directions. Here,
the C, rings are arranged in a zigzag line along the shearing
direction. We summarize that both Path-A and Path-B require
atomic movements only in one layer of carbon. Therefore, the
kinetic barrier is expected to be lower than the previously
acknowledged Type-I transition, which involves the movements
from at least three layers of carbon atoms. The intermediate
structure occupies the local minima position on the free
energy landscape (Fig. 3, top inset), and are thus metastable

This journal is © the Owner Societies 2021

by definition. For this type of transition pathway, via a set of
metastable structures, the transformation is similar to a
stacking-fault-type phase transition.”” However, with the pro-
ceeding of the phase transition, both enthalpy and the energy
barrier increase slowly. This means that higher pressure is
needed to drive the phase transition, which is consistent with
Aust et al.* and Montgomery et al.'' that the phase transition
takes place at 18 GPa, but the phase transition continues until
approximately 60 GPa. The pressure-induced phase transitions
mechanism also can be confirmed by the energy profiles in
Fig. S1 in the ESI, T which are from a different pressure. We can
find that the higher pressure will reduce the energy barrier both
in Path-A and Path-B, as expected. For example, in the first step
of Path-A, the energy barrier drops from 7.93 eV at 0 GPa, and
5.16 eV at 15 GPa to 3.90 eV at 30 GPa.

It should be emphasized that a great number of structures
(see Fig. 4) could be constructed by changing the bridging spot
and shearing direction via the Type-II pathway. For example,
BCT carbon (tetragonal, I4/mmm, #139) is the product when the
carbon sheet shears along one direction of boat architecture
line, described by Path-A. Similarly, when the same carbon

Phys. Chem. Chem. Phys., 2021, 23, 20560-20566 | 20563
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Fig. 4 (a) The structures formed by the Type-Il mechanism, the blue line is from the same (001)gr basal layer. (b) The simulation XRD results at 23.9 GPa
and the experimental XRD results from ref. 6. (c) The density of state of carbon allotropes at 15 GPa.

sheet shears in both upward and downward directions, the
final product will be an orthorhombic phase (Cmca, #64). On
the other hand, the randomly separated sp> by sp® also adds
plenty of structural complexity (shown as X5-X9 structures in
Fig. 4). Mao et al® found that the transparency carbon is
superhard since the high-pressure phase indented single crystals
CD. Based on our calculation, the standard hardness of BCT
carbon and the Cmca carbon are 91.4 and 90.2 GPa, respectively,
which are comparable with CD (96.8 GPa) and HD (96.6 GPa).
The structural variety according to the Type-II pathway may
eventually lead to a disordering phase. In Fig. 4(b), we compared
the simulation XRD results with those of the experimental XRD
(ref. 6). The overlayed XRD patterns from simulation suggest that
the broadened XRD along the 9-10 and 15-16 degrees in the
experimental results can be explained by the assemblage of
co-existing sp®/sp® carbon. The coexistence of similar structures
from the Type-II pathway can interpret the experimental obser-
vation of the broadened XRD patterns.

20564 | Phys. Chem. Chem. Phys., 2021, 23, 20560-20566

In the context of the experimental findings, our simulation
results clarify the high-pressure carbon allotropes having
coexisting sp® and sp® bonding. Both Raman spectra and
inelastic scattering experiments suggested® that both sp* and
sp® bonding coexist in the same structure, rather than to be
divided by grain boundaries.”> While previous first-principles
simulation regarding high-pressure carbon allotropes are of
either fully sp® or sp* bonding,'”*'* the coexisting sp” and sp®
are more likely to exist in separated domains due to thermo-
dynamic hysteresis. Therefore, the high-pressure phase was
referred to the mixing of a full sp® structure and sp” graphite
in macro, separated by crystal grain boundaries, which is
contrary to experimental observation. Therefore, due to its
lower kinetic barrier, the Type-II pathway is a more preferred
transition mechanism for room-temperature compressed carbon.
During the transition, the sp® and sp® carbons are bonded
together in the atomic level. The unreacted graphite is sliced into
fragments by random sp® bridging carbons. The mixed sp*/sp®

This journal is © the Owner Societies 2021


https://doi.org/10.1039/d1cp03415d

Published on 26 August 2021. Downloaded by Southeast University - Jiulonghu Campus on 10/19/2021 7:09:36 AM.

Paper

bonding also explains the puzzle about the electrical conductivity
under pressure. The suddenly increased resistivity above 18 GPa
may be due to the sp® carbon reaching a shield percentage. Since
the sp” and sp® bonding are mixed in the atomic level, according
to the percolation theory,® the product phase becomes trans-
parent when the sp*-carbon reaches a shield percentage.

The second issue is the reversibility of the phase transition
in carbon.” The conventional Type-I pathway requires the
existence of the nuclei core, which allows for the separated
sp” phase and sp® phase in two grains domains. However, as we
know, both nanocrystalline sp-carbon and nanocrystalline
graphite are kinetically stable under ambient condition.*®
Thus, as Miller® suggested, the high pressure carbon phase
should be organized differently from mixtures of these phases
in macro. Our results suggest that the sp® and sp® carbons are
bonded together at the atomic level in the X-phase. Under high
pressure, the metastable nature of the single sp*-carbon layer,
built up during the phase transition, leads to a favorable
transition pathway without the perquisite of forming the nuclei
core. While under decompression, the sp>-hybridized bonds in
the single sp*-carbon layer become unstable, suggesting the
transition is reversible after removing pressure.

Finally, we are at the position to discuss the anisotropic
kinetics of graphite under pressure. Since the thickness of the
(001)gr plane is of a magnitude-level greater than that of the
(100)gr plane (Fig. 1), this implies that graphite was preferred
to be orientated along the [001]gg direction in the diamond
anvil cell under pressure. In such case, the phase transition
pathway is sensitive to the local strain and the crystallographic
orientation. The deviatoric force is more easily applied along
the [001]gr direction than [100]gg, which will induce the
shearing movement. Miller’s experiment® noticed that the
center of compressed graphite is more transparent than its
surrounding areas, which can be regarded as the results of
anisotropy. Despite being thermodynamically less stable, high-
pressure carbon allotropes from the Type-II pathway are chosen
by phase transition kinetics because of its lower energy barrier.

In summary, our work attempts to resolve the atomistic
structure and relative phase transition mechanism of graphite
under room temperature compression. By shearing the boat
architecture line atoms out of the graphite (001) plane upward
or downward, the bridging carbon atoms transit to sp*-hybrid
bonding, forming the C, ring. Since the carbon atoms shear in
different directions and the randomly bridging spot, the
mechanism yields a variety of carbon allotropes with similar
free energies, possessing a broadened XRD pattern. We suggest
that shearing the boat architecture line in the [001] direction is
kinetically preferred because there is no need to form the nuclei
core. Vice versa, the (meta-)stable nature of the intermediate
state ensures that the phase transition is reversible upon
decompression. The proposed structures and phase transition
mechanism rationalize the issues of the broadened XRD, the
superhard properties, the suddenly increasing electrical resis-
tivity, the co-existing sp” and sp®, and the reversible phase
transition. Understanding this mechanism may help better
design superhard carbon materials.
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