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From soft to superhard: fifty years
of experiments on cold-compressed graphite

In recent years there have been numerous computational studies
predicting the nature of cold-compressed graphite yielding a proverbial alphabet soup
of carbon structures (e.g., bct-Cy, Ky, M-, H-, R-, S-, T-, W- and Z-carbon). Although
theoretical methods have improved, the inherent nature of graphite (i.e., low-Z) and the
subsequent room-temperature, high-pressure phase transition (i.e., low symmetry,
nanocrystalline and sluggish), make experimental measurements difficult to execute
and interpret even with the current technology of 3rd generation synchrotron sources.
The room-temperature, high-pressure phase transition of graphite has been detected by
numerous kinds of experiments over the past fifty years, such as electrical resistance
measurements, optical microscopy, X-ray diffraction, inelastic X-ray scattering, and
Raman spectroscopy. However, the identification and characterization of high-
pressure graphite is replete with controversy since its discovery more than fifty years
ago. Recent experiments confirm that this phase has a monoclinic structure, consistent
with the M-carbon phase predicted by theoretical computations. Meanwhile,
experiments demonstrate that the phase transition is sluggish and kinetics is important
in discerning the phase boundary. Additionally, the post-graphite phase appears to be
superhard with hardness comparable to that of diamond.

Keywords: high-pressure graphite, post-graphite phase, phase
transition, M-carbon, diamond—anvil cell experiments.

INTRODUCTION

From astronomy to mineralogy and zoology, carbon is one of the
most important elements in nearly every field of science. Carbon is the fourth most
abundant element by mass in the universe after hydrogen, helium, and oxygen [1].
The abundance of carbon along with its extraordinary ability to form diverse
organic compounds under conditions commonly encountered on Earth makes
carbon the essential basis for all known organic life. As such, carbon is the second
most abundant element by mass in the human body, after oxygen [2]. Furthermore,
carbon plays a critical role in many global issues: the carbon cycle is an integral
part of climate change [3] as well as worldwide energy challenges [4].

Pure carbon exists in several forms with vastly different properties. Diamond is
the most well-known form, as it is the hardest known naturally occurring material
with the highest shear modulus (strongest resistance to fail under shear stress) [5].
In its pure form, diamond is a good conductor of heat, although being covalently
bonded, diamond is a poor electrical conductor [6]. The diamond structure
incorporates a network of covalent tetrahedral sp® bonds between atoms. Due to the
high symmetry of this structure (Fig. 1, a) and strength of the neighboring carbon
bonds, diamond is extremely isotropic and transparent over wide ranges of the
electromagnetic spectrum [6]. On the other hand, graphite exhibits properties
remarkably different from diamond: graphite is opaque in appearance and is a
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semi-metal with highly anisotropic material properties. Graphite’s hexagonal
structure consists of parallel planes of covalent hexagonally sp” hybrid-bonded
networks of carbon atoms layered in an AB sequence [7] (Fig. 1, b). The layers in
graphite are weakly bonded by van der Waals forces, and the anisotropy is the
direct result of the difference between inter- and intra-planar bonding [8]. Along
any direction parallel to the hexagonal planes (a and b axes), graphite is extremely
hard, and conducts electricity and heat well [8]. Along the perpendicular direction
(or c-axis), graphite is much more compressible, and has smaller thermal
conductivity and larger electrical resistivity values. The electrical resistivity
measured along the c-axis is ~ 10” to 10 times larger than that of the a axis [7]. All
of these differences are attributed to the unique atomic bonding structures of planar
sp” in graphite and three-dimensional sp® hybridization in diamond.

Fig. 1. Crystal structures of carbon. Diamond (a), graphite (b), hexagonal diamond (lonsdaleite)
(c), and M-carbon (d). Figures (¢—) are reproduced from the U.S. Naval Research Laboratory
website [70] and (d) is reproduced from [16].

Graphite is the most stable phase of carbon under ambient conditions, while
diamond is a metastable phase. However, because the driving force to transform
diamond into graphite is small, the rate of the transition is negligible and thus, the
diamond to graphite transition does not spontaneously occur at ambient conditions.
The transition from graphite to diamond can occur only when subjected to high
pressures and temperatures and usually a catalyst is required due to the slow
kinetics [9]. For example, natural diamond is formed from carbon-bearing minerals
buried in the Earth’s upper mantle at pressures between 4.5 and 6 GPa (~ 135-
185 km depth) and at temperatures between 900—1300 °C [10]. Due to diamond’s
relative scarcity, desirable properties and beauty, it has long been treasured as a
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precious gemstone. The situation of diamond’s scarcity changed when General
Electric first synthesized diamond in the 1950s by duplicating the reaction
conditions (high pressures and temperatures) of natural diamond in the Earth [9,
11]. With the increased yield, diamond has been extensively used and has
generated revolutionary impacts in industry and science alike.

Although graphite and diamond are the most commonly known forms of
carbon, under appropriate pressure and temperature conditions, there are several
other forms of carbon. Hexagonal diamond, also known as lonsdaleite (Fig. 1, ¢),
has been found in carbon-rich meteorites, notably the Canyon Diablo iron
meteorite [12], and is expected to have been formed in the high-pressure, high-
temperature shock conditions of an impact, as inferred from laboratory
measurements [13].

As graphite transforms into diamond (either cubic or hexagonal) under high-
pressure and high-temperature conditions, straightforward questions naturally
arise: what occurs if graphite is placed in a high-pressure environment without
heating? Are diamond-like materials still produced? What is the post-graphite
structure? What are its physical properties? How does its strength to diamond? Can
it be synthesized more easily than diamond? Unlike the transition from graphite to
diamond under high pressures and high temperatures, the cold-compressed
behavior of graphite has been an enigma for over fifty years. In this review, a
detailed history of the study of graphite under high pressure and room temperature
will be given, beginning with the observation of the pressure-induced phase
transition in graphite through numerous characterization techniques, controversial
identification of the high-pressure graphite phase, long-term efforts to solve this
discrepancy, and securing an elegant solution to this enigma on the basis of
comparison of experimental results with existing theoretical computations [e.g., 14,
15]. Further, the high-pressure room-temperature phase transition of graphite is
sensitive to the form of the starting materials [16—18]. For this reason, we focus on
crystalline hexagonal graphite, rather than amorphous graphite, fullerenes or
carbon nanotubes. For a review of these carbon materials, please see the other
sections in this special issue [19-21]. Additionally, there have been several reviews
on the high-pressure, high-temperature behavior of carbon [22-25], however, in
this review, we pay special attention to the long-standing controversies on the
structural transitions of graphite at high pressures under room temperature
conditions as shown through experiments.

HIGH-PRESSURE ROOM-TEMPERATURE PHASE TRANSITION

Resistivity measurements

In 1962, Samara and Drickamer [26] first observed the room-temperature
transition of graphite at approximately 10 GPa by measuring a jump in the
resistivity, although this observation was not universal and depended on the nature
of the starting material (powdered vs. pyrolytic) and along which axis the
measurements were taken (a vs. ¢). Using a specifically-designed high-pressure
electrical resistance cell [27] Aust and Drickamer [28] measured a large increase in
resistance above ~ 17 GPa, measuring samples of single-crystal graphite oriented
in both the a and ¢ directions, respectively. At the transition, the a-axis resistance
increased by more than two orders of magnitude, while the c-axis resistance
increased by a factor of 4 (Fig. 2). The transition was observed only in single-
crystal graphite samples, and was not observed in powdered graphite. Furthermore,
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this transition showed a large hysteresis: the resistance did not decrease again upon
decompression to ~ 7 GPa, where data collection ceased.
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Fig. 2. Resistance of graphite vs. pressure for single-crystal graphite (solid lines) and a pyrolytic
graphite (dashed lines) as measured in both parallel (thin lines) and perpendicular (thick lines)
orientations to the c-axis. The arrows denote the sequence of pressure paths. Note the large hys-
teresis in the data: the resistances do not revert to low-pressure values upon decompression, at
least to pressures of ~ 15 and ~ 7 GPa in measurements perpendicular and parallel to the c-axis,
respectively. Data reproduced from [28].

Soon after, another high-pressure phase identified as hexagonal diamond, or
lonsdaleite (Fig. 1, ¢), was investigated by Bundy and Kasper [13] while exploring
the transition between graphite and diamond (see X-ray Diffraction section). Hex-
agonal diamond forms at temperatures greater than 1000 °C and pressures higher
than 13 GPa, implying that the phase found by Aust and Drickamer [28] was not
lonsdaleite, and instead the phase partially synthesized by Aust and Drickamer has
since been referred to as “cubic” graphite. In these studies, Bundy and Kasper [13]
determined that chemical purity of the graphite samples did not matter, but
crystalline order did: the transition occurred in well-ordered samples, but did not
occur in poorly-ordered graphite, consistent with earlier measurements [28]. They
also reported a similar hysteresis as observed by Aust and Drickamer [28], but
ultimately observed a decrease in resistance upon depressurization below
approximately 7 GPa.

Since then, several studies have been performed on cold-compressed graphite
using a variety of high-pressure devices. In 1971, Okuyama et al. [29] performed
room-temperature, high-pressure resistance measurements on graphite, but
observed the transition in only a few samples: a synthetic sample annealed (prior to
compression) to ~3500 K and a natural Madagascar sample at 17 and 16 GPa,
respectively. The transition was not observed in synthetic samples annealed at
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temperatures less than ~ 3100 K at least up to pressures of ~25 GPa, suggesting
that higher-temperature annealing induces higher order in synthetic samples. In
1994, Li and Mao [30] performed a series of high-pressure resistivity experiments
in a multi-anvil press [31], where they measured polycrystalline graphite samples
and amorphous carbon, and in a diamond-anvil cell [32] (DAC), where only
graphite was measured. No transition was found in amorphous carbon, where order
is lacking, but transitions similar to previous graphite experiments were seen in
both the multi-anvil and DAC experiments at approximately 20 GPa. The DAC
experiment also confirmed the previously observed hysteresis in the resistance
behavior upon decompression [30].

Earlier studies focused on the abrupt increase in the resistance of graphite with
increasing pressure as an indication of a phase transition and found varying
transition pressures (~ 10-20 GPa) with a large hysteresis. However, more
recently, resistivity measurements in a DAC have been used to study the kinetics of
this phase transition looking at the rate of change in the resistance prior to, during,
and following the transition both on compression and decompression at room
temperature [33]. These long-duration experiments, completed over the course of
tens of days to capture the sluggish behavior, pinned the phase transition of highly-
ordered pyrolytic graphite (HOPQG) to the post-graphite phase to occur at 19+2 GPa
with little hysteresis.

Optical measurements

Another observation of the sluggishness of the phase transformation of graphite
under high pressures was reported by Utsumi and Yagi [34], in which the starting
material was a very thin (~1 pum in thickness) single crystal of graphite. This
observation confirmed the first reports of transparency of high-pressure graphite
given by earlier studies [35-37]. The Utsumi and Yagi [1991] sample was
compressed in a DAC with a mixture of methanol and ethanol as the pressure
medium, and the change of the transparency of the sample with pressure was
studied through in situ optical microscopy (Fig. 3). Under compression, the sample
did not exhibit any noticeable change until the pressure reached 18 GPa, at which a
few light-transparent spots appeared in the sample. The presence of the transparent
(i.e., decreased optical reflectivity) spots indicated the creation of a high-pressure
phase inside the graphite sample, in agreement with previous results [38]. As the
sample was kept at this pressure, more light-transparent spots appeared and spread
across the whole sample chamber. After 2 hours, the entire sample became
transparent. This transparent phase is only quenchable to room conditions if heated
while at high pressure, thus becoming hexagonal diamond [13]. Otherwise, the
unheated and transparent post-graphite phase reverts back to its original opaque
character upon quench even if compressed to pressures as high as 50 GPa.

Although sample thickness was too large to see full transparency (~ 13 um at
the highest compressions), Montgomery et al. [33] also observed a reversion from
transparent to opaque after decompression from pressures as high as ~28 GPa.
Miller et al. [39] confirmed these room-temperature observations as well, but also
found that the phase is quenchable at temperatures below 100 K, and proposed the
mechanism behind the transition: a transfer of bonds from the graphite sp2 hybrid
bonds to the sp” hybrid bonds associated with diamond. This mechanism has been
subsequently confirmed by inelastic X-ray scattering [40].

Recently, a new study was carried out to investigate the kinetics of the phase
transition in HOPG [16]. The study found that at 19.8 GPa after 1 hour, a few dark
spots appeared on the surface of sample while viewed under reflecting light, and
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with time the concentration of the dark spots increased (Fig. 4). After 93 hours at
19.8 GPa, most of the sample became dark. This observation is consistent with the
previous observations of transparency of the post-graphite phase [34] (Fig. 3), and
both reveal that the phase transition of graphite under cold compression is slow and
requires a long time to complete the transition. In the more recent experiment [16],
although the sample did not become transparent, this is due to the increased thick-
ness of the sample [34]. The earlier study had a thickness of ~ 1 micron as com-
pared to the latter study thickness of at least an order of magnitude greater. In both
cases, however, the once reflecting and electrically conducting material became
insulating: the former became transparent and the latter became non-

Fig. 3. The evolution of light transmission through a thin single crystal of graphite at room tem-
perature over an extended period of time. The starting sample at ambient pressure (a). At
18 GPa, the transparent spots appear in the sample (b). After 30 minutes with pressure held at
18 GPa, more transparent spots accumulate across the sample area (c¢). After 2 hours, the whole
sample transforms into a new phase with high light transparency (). Reproduced from [34].

a b c d e

Fig. 4. Phase evolution of compressed graphite vs. relaxation time. Photomicrographs («) and (b)
taken immediately at pressures of 6.9 and 19.8 GPa, respectively. The dark spots in (@) and (b)
are from ruby chips. Images (c—e) captured at a pressure of 19.8 GPa after relaxation times of 1,
51, and 93 hours, respectively. Figure reproduced from [16].
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reflecting. Under high pressures, the new spots (whether transparent [34] or dark
[16]) represent the nucleation and growth of the new phase and suggest that the
high-pressure post-graphite phase is less conductive than graphite as demonstrated
in other studies [36, 38].

These optical properties of graphite under high pressure reveal that the phase
transition in graphite is sluggish and that long periods of time are needed to explore
this phase transition.

Spectroscopy

There have been several spectroscopic studies of graphite under high-pressure
conditions, which, however, are limited to DAC or gem—anvil cell (GAC) [41]
experiments. DAC studies are limited due to the large signal from the diamond
anvils themselves and overlap with potential signal from the post-graphite phase.
Graphite has a characteristic Raman peak at ~ 1581 cm! (“G” band) at ambient
conditions. With increasing pressures, this peak shifts to higher wavenumbers and
broadens [35, 37, 41-44], effectively disappearing at high pressures [16]. Using a
GAC, specifically equipped with sapphire anvils, Xu et al. [41] confirmed that
high-pressure phase transition in graphite occurs, however, the Raman spectra were
not conducive to either hexagonal or cubic diamond. Upon quenching to room
temperature, the G band returns along with broad D and D’ bands at ~ 1350 and
~ 1620 cm', respectively [16] consistent with a reversion to sub-micron sized
graphite particles [45-47], suggesting that the post-graphite phase transition causes
a grain size reduction [16].

X-ray diffraction

The high symmetry of graphite (hexagonal, P6s/mmc) and comparably soft na-
ture yield sharp and intense X-ray diffraction (XRD) peaks despite the low-Z char-
acter of carbon. As such, there are several XRD studies of graphite under pressure
that show the highly anisotropic nature of hexagonal graphite [42, 48—50]: the c-
axis is approximately 35 times more compressible than the a-axis (Table 1).

Table 1. The lattice parameters and volume per atom in graphite, as well
as the corresponding Birch-Murnaghan equation of state (EOS)
parameters, assuming Kg,' = 4 are listed. Uncertainties are given

in parentheses. Note that for H-graphite, Ky, >> K, is indicative

of the highly anisotropic nature of graphite

ao, A Koa, GPa co, A Ko, GPa Vo, A3 Ko, GPa | Reference

2462 (0.001) 442 (6) 6.721(0.002) 12.0(0.1) 8.817(0.011) 57.3(0.8) [16]
2461 (NA) 516 (41) 6708 (NA) 14.9(0.5) 8.797 (NA) 67.4 (3.8) [50]
2.459(0.004) 481 (32) 6.706 (0.003) 11.9(0.1) 8.78(0.01) 51.2(1.4) [42]
2462 (NA) 449.7(5.1) 6.707(NA) 13.1(0.3) 8.802(NA) 59.6(1.1) [48]

The first XRD measurement attempts of the post-graphite phase yielded an
interpretation of a cubic structure [28] for a sample synthesized at high pressure
and room temperature and quenched to room temperatures. Since then, the cubic
structure has not been reproduced and the initial identification was likely spurious
[13]. Additionally, the room-temperature high-pressure post-graphite phase has not
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been measured upon quench and all samples heated to temperatures less than
~ 1300 K, revert back to graphite (e.g., [13, 16, 38, 42]).

In 1966, Lynch and Drickamer [50], conducted XRD measurements on
graphite and found the phase transition at ~ 16 GPa, where the compressibility
of the a-axis of graphite became stiffer than diamond. In 1989, Hanfland et al.
[42] measured the XRD of graphite and found that above ~ 14 GPa, a phase
transition occurred but the XRD pattern quality became too poor to be able to
identify a structure. Soon after, Zhao and Spain [48], found similar results,
although with the phase transition occurring at a slightly lower pressure of
~ 11 GPa.

With the advent of synchrotron radiation and the increased X-ray flux, the
hopes of identifying the structure of the post-graphite phase were renewed. Rather
than taking 5—15 days to collect a single XRD pattern with an X-ray laboratory
source [48], the intense early synchrotron sources provided sufficient flux so that
measurement times dropped to 10s of minutes to hours [49, 51]. Even so, the
structure remained elusive.

More recently, there have been two studies [16, 40], which have measured the
XRD of the post-graphite phase with modern synchrotron sources with increased
flux and monochromatic energy. The first of these studies [40] spurred numerous
theoretical studies to predict the nature of the new structure and yielded more
than 9 candidate structures: bct-Cy4 [52], H- [53], Ky4- [54], M- [55, 56], R- [57],
S- [53] T- [58], W- [59], Z-carbon [60], and other Z-series carbon polymorphs
[61]. For a complete review of the structures and respective energetics, please see
the review article in this Special Issue [14, 15]. Wang et al. [16] waited a long
time (at least 6 hours to as long as 1 year) between XRD pattern collections due
to the sluggish nature of the transition (Fig. 5). Patience yielded quality XRD
patterns that allowed discrimination between the numerous predictions (Fig. 6).
From the long-duration patterns, the M-carbon structure was found to be the most
consistent structure (Fig. 1, d), as compared with every other predicted structure
[16].
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Fig. 5. XRD patterns collected at pressures of 24.9 and 26.3 GPa immediately as well as after 9
and 6.3 hours, respectively: (/) 26.1 GPa, 6.3 h; (2) 26.3 GPa; (3) 24.6 GPa, 9 h; (4) 24.9 GPa.
The increase of the intensity of (—111) peak, the strongest peak of M-carbon and identified by the
near vertical line near 2 A, suggests that the concentration of M-carbon increases with relaxation
time, confirming that the phase transformation from graphite to M-carbon is sluggish. Repro-
duced from [16].
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Fig. 6. XRD pattern at ~ 50 GPa and corresponding predicted XRD peaks for M-carbon (hkl’s
used to determine volume are labeled), bet-C, [52], H-carbon [53], R-carbon [57], S-carbon [53],
W-carbon [59], Z-carbon [60], cubic diamond (C-diamond) [71] and hexagonal diamond (H-
diamond) [72] are shown as vertical lines. Figure reproduced from [16].

MECHANICAL PROPERTIES

Equation of state

The EOS of a solid gives the relationship between volume and pressure. One
such EOS developed by Birch [62], building upon the work of Murnaghan [63], is
derived from the theory of finite strain and works well for most solid materials.
The third-order Birch-Murnaghan EOS [62, 64] is given by:

P=3f(1+2f)5/21<{1+f@1<5 —6)}

v -2/3
where f=— [—J -1].

2\\%
Vo and V are the unit-cell volumes at ambient and high-pressure conditions,
respectively, and K and K’ are ambient isothermal bulk modulus and its pressure
derivative, respectively. A second-order Birch-Murnaghan EOS occurs when K’ is
set to a value of 4, thus truncating the pressure relationship. The lattice parameters
can also be fit individually to a Birch-Murnaghan-like formulism by replacing
and 7, with @ and a03 s b’ and bos, and ¢’ and 003 respectively, yielding each a linear
modulus Ky, Ko, and Ky, with corresponding pressure derivatives Ko,', Ko, and
Ko [65]. The bulk modulus is a measure of how incompressible a material is.
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The equation of state of H-graphite has been determined experimentally by
using synchrotron XRD coupled with DAC [16, 42, 48, 50, 66] and large volume
high-pressure apparatuses [50] (Table 1). Numerous theoretical computations have
been conducted to characterize the mechanical properties of M-carbon, but only
one set of experimental data is available thus far to validate the predictions [16].
Nevertheless, both experiment and computations show that M-carbon has
extremely low compressibility comparable to other stiff materials such as cubic-
BN (387+4 GPa) [67] and ReB; (334423 GPa) [68] (Table 2). Additionally, like
graphite, M-carbon also shows anisotropy in compressibility along lattice axes a, b,
and ¢, although to a lesser extent than graphite.

Table 2. Experimental and theoretical values for lattice parameters
and volume/atom in M-carbon as well as the corresponding Birch-
Murnaghan EOS parameters. Uncertainties are given in parentheses.
Where values are not available or given, NA is noted

Koa, K()b, Koc, 3 Ko, Ko', Refer-
ah | coa | PA | gpal| P | gpa [P 9e9Vo Al opn |opal Mol | ence
9.123 527(2) 2559 271(1) 4.088 267(1) 97.38 586 368 4 Experi- [16]
(0.001) (0.001) (0.001) (0.79) (0.01) (1) ment,

DAC

9.089 NA 2496 NA 4104 NA 9696 578 4312 NA Theory, [55]
(NA) (NA) (NA) (NA) (NA) (NA) LDA

NA NA NA NA NA NA NA 5991 398 361 Theory, [72]
(NA) (NA) GGA

NA NA NA NA ©NA NA NA 5745 422 377 Theory, [72]
(NA) (NA) LDA

Mechanical strength

Although graphite, in its natural state, is a soft material, once transformed to its
cold-compressed structure, it becomes superhard with the capacity to indent the
diamond anvils at relatively low pressures (<30 GPa) [16, 40]. Upon quenching
the sample to ambient conditions and opening the DAC, cracks along the sample
boundary were observed on the diamond culets. The damage to the anvils
correlates with the highest pressures reached during the measurements (Fig. 7). At

b

Fig. 7. Photomicrographs of diamond anvils after experiencing various high-pressure conditions.
The culets are 300 wm in diameter. (@) Image of the gasket filled with HOPG prior to compres-
sion. (b) Slightly scratched surface of diamond after reaching a maximum pressure of 32 GPa.
The photomicrograph was taken with reflected light. (c) Badly fractured anvil by M-carbon after
reaching a maximum pressure of 50 GPa. The image was taken with transmitted light. Repro-
duced from [16].
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32 GPa, only a microcrack was left on the anvil’s surface; however, after compres-
sion to 50 GPa, the anvils were severely fractured. These observations suggest that
M-carbon has super strength and hardness rivaling that of diamond, and is capable
of deforming and indenting the diamond when the two materials are pressed
against each other under nominal compression. One parameter to evaluate a
material’s strength is its hardness, however, M-carbon has not been recovered at
ambient conditions, thus a hardness measurement is lacking. However, the
hardness obtained from theoretical computations (83.1 GPa [55], 91.5 GPa [58])
suggest that this high-pressure graphite phase is a superhard material.

CONCLUSIONS

Although carbon may appear simple and common, it is indeed, non-trivial and
often leads to controversial results even when investigated with state-of-the-art
computational and experimental methods. The history of graphite under high
pressures is replete with disputes and controversies. Although the phase transition
of graphite under cold compression has been observed by a series of experimental
approaches, largely due to its complicated chemistry, detailed and accurate
information regarding the room-temperature high-pressure graphite phase was
unknown for a long time. After more than fifty years of effort, major progress has
been achieved with the identification of the crystal structure of the post-graphite
phase, namely M-carbon, which was predicted by theoretical computations [55]
and later confirmed by XRD measurements [16]. This newly-identified phase has
the extraordinary ability to damage diamond, however, its unquenchable nature
makes ex-situ measurements, for example, hardness measurements, very
challenging. Therefore, although we have reached a milestone in the study of
graphite by confirming the crystal structure of the post-graphite phase, we should
keep in mind that many of its properties remain enigmatic and thus it may be
awhile before the strengths of M-carbon are realized in science or industry. Among
the many technical difficulties, one basic requirement for the eventual application
of M-carbon is the ability to stabilize it at ambient conditions. Additionally, as
kinetics appear to be very important in the room-temperature post-graphite
transition, the nature of the synthesis conditions and starting material may also
affect the manufacture of metastable phases. However, the kinetics of the transition
to M-carbon has been recently found to be more favorable than the same transition
of graphite to either diamond, bct-C,4 W-carbon or other sp® forms of carbon [69].
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B ocmanui poxu 6y10 nposedeno enuxy KilbKicmb YUCENbHUX OOCAIONCEHD,
WO NPOSHO3VIOMb OCHOBHI 6lAcCmMusocmi 2epagimy, ni00aHo20 CMUCHEHHIO Npu KIMHAMHIL
memnepamypi, 8 pe3yibmami 4020 SUHUKAE 3a2albHOgI0oMull “‘angasimuuii cyn” 3 gyeneyesux
cmpykmyp (nanpukiao, bet-Cy, Ky, M-, H-, R-, S-, T-, W-i Z-¢yeneyw). Tooi sx meopemuuni
Memoou cmanu Oinb OOCKOHAIUMU, HPUpOOd, Npumamaunua epagimy (mobmo nusvke Z), i
nooanvuuil azosuti nepexio npu KiMHAMHIL memMnepamypi i 6UCOKOMY MUCKY (HU3bKOCUMEm-
PpUuHULl, HAHOKPUCMANIYHULL | MAAGUI) POOIAMb eKCnepuMeHMAanbHi GUMIPIOBANHS  BAJICKO
30ilicCHeHHUMU T iX CKIAOHO IHmMepnpemyeamu HAGimbs i3 3aCMOCYBAHHAM CYYACHOI MeXHON02iH,
Wo BUKOPUCMOBYE 3-€ NOKOMIHHSA CUHXPOMPOHHUX Odicepen. 3a munyni 50 poxie ¢pazosuti nepexio
epagimy npu KiMHamuii memnepamypi i 6UCOKOMY MUCKy 0Y8 susgieHuil 6azamovma UOAMU
eKCnepumMenmie, MmaxKux sIK GUMIDIOGAHHS eNIeKMPOONopy, ONMUYHA MIKPOCKONIA, Ougpaxyis
PDEHM2EeHIBCbKUX NPOMEHI8, HenpyJiCHe pPO3CII08AHH PEeHM2EeHIBCbKUX NPOMEHI8 | pamMaHiecbKa
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cnexmpockonis. Oonax 3 OHaA 1020 eiokpumms Oinvwe 50 pokie momy idenmugpixayis ma
OMPUMAHI XApAKmMepucmuku 2padimy 6Ucoko20 mucky noeHi cynepeurnocmeil. Heoaemi excne-
PpuMenmu niomeepoxcylomy, Wo Y Gaza mMae MOHOKIUHHY CMPYKMYpY, y3200%cyemocs 3 M-
syeneyesoi Gazoio, nepedbayvenoio meopemuunumu pospaxynkamu. Iloku excnepumenmu 0emoH-
cmpylomy, wo azosuii nepexio € nOSINbHUM, A NPU PO3NIZHABAHHI PA308UX SPAHUYb BAMHCTUBE
3Hauenns mac Kinemuka npoyecy. Kpim moeo, nocm-epagpimosa ¢hasa € nHaomeepooi, 3a
meepoicmio O1U3LKOIW 00 almMasy.

Knrwuoei cnosa: ¢aza sucoxoeo mucky epagimy, nocm-epaghimosa asa,
@azosuti nepexio, M-gyeneyb, ekcnepumenmu 3 6UKOPUCIAHHAM AIMA3HO20 KOBAOA.

B nocneonue 2001 66110 nposedeno 6onbutoe KOIUUECMe0 YUCIEeHHbIX UCCe-
006aHUll, NPedCcKAa3blBAIOWUX OCHOBHbIE CBOUCMEA 2paduma, NOOBEPSHYMO20 CHCAMUIO NPU
KOMHAMHOU memnepamype, 8 pe3yjibmame 4e2o 603HUKaem npeciogymoiil ‘“‘aigasummnviii cyn”
u3 yenepoouvix cmpykmyp (nanpumep, bct-Cy4, K-, M-, H-, R-, S-, T-, W- u Z-yanepoo). B mo
8peMs KaKk meopemuyecKkue Memoosl Cmanu bojee cO8EPUEHHbIMU, NPUPOOA, NPUCYIYAs 2padu-
my (m. e. HU3Koe Z), u nociedyowuti (pazosviii nepexod npu KOMHAMHOU memnepamype u 6bico-
KOM 0aéNeHuu (HUBKOCUMMEMPUYHDII, HAHOKPUCIIALIUYECKUI U GSIbIL) 0eNaiom IKCnepUMeH-
MANbHbLE USMEPEHUS MPYOHO SLINOIHUMbIMU U UX CIIONCHO UHIMEPNPEMUPOSAMb 0aice ¢ npuMe-
HeHueM CO8PeMEHHOU MEXHON02UL, UCNOAb3YIoWell 3-e NOKOIeHUe CUHXPOMPOHHBIX UCTOYHUKOS.
3a npowedwue 50 nem pazoswlii nepexoo epagpuma npu KOMHAMHOU MEMNEPAMype U bICOKOM
oasnenuu ObLl OOHAPYIHCEH MHOUMU BUOAMU IKCHEPUMEHIOS, MAKUX KAK USMEPEHUS INeKMPO-
CONpOMUGIEHUs, ONMUYECKAS MUKPOCKONUSA, OUDPAKYUS PEHMEeHOBCKUX Jiydell, Heynpyeoe
paccesHue peHmMeeHOBCKUX Jyyell U pAMAHOBCKAs cnekmpockonus.. OOHAKo co OHA e20 OMmKpbl-
mus 6oaee 50 nem Hazao uoeHmugurkayus u NOIYyUeHHble XAPAKMEPUCTNUKY 2paduma 8b1cOK020
Oasnenuss noausvl npomugopedull. Hedasnue sxcnepumenmosl noomeepxicoarom, umo sma ¢haza
uMeem MOHOKIUHHYIO CIPYKMYpPY, CO2iacyrouyiocs ¢ M-yenepoonou ¢hasou, npedckasanuou
meopemuueckumu pacuemamu. IToka 3KCnepumennivl 0eMOHCIMPUPYIOn, 4mo azoswiii nepexoo
ABNAIEMCS MEONEHHbIM, a4 NPU PACNO3HABAHUU (PA308bIX SPANUY 6AXHCHOE 3HAYEHUEe UMeem KuHe-
muxa npoyecca. Kpome mozo, nocm-epagumosas gaza senaemcs c6epxmeepool, no meepoo-
cmu OIUZKOU armasy.

Knroueswvie cnosa: ¢hasa sevicokozo oasenenus zpaguma, nocm-zpagpumosast
@asa, ¢azosviii nepexod, M-yanepod, sxcnepumermol ¢ UCNONLI0BAHUCM ATMAHBIX HAKOBANEH.
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