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ABSTRACT

The response of rapidly compressed highly oriented pyrolytic graphite (HOPG) normal to its basal plane was investigated at a pressure of
~80 GPa. Ultrafast x-ray diffraction using ~100 fs pulses at the Materials Under Extreme Conditions sector of the Linac Coherent Light
Source was used to probe the changes in crystal structure resulting from picosecond timescale compression at laser drive energies ranging from
2.5 to 250 mJ. A phase transformation from HOPG to a highly textured hexagonal diamond structure is observed at the highest energy, fol-
lowed by relaxation to a still highly oriented, but distorted graphite structure following release. We observe the formation of a highly oriented
lonsdaleite within 20 ps, subsequent to compression. This suggests that a diffusionless martensitic mechanism may play a fundamental role in
phase transition, as speculated in an early work on this system, and more recent static studies of diamonds formed in impact events.

Published by AIP Publishing. https://doi.org/10.1063/5.0085297

I. INTRODUCTION slope above 1.94 GPa at 0K to 5.5 GPa at 1700 K.”” On very fast

The graphite-diamond phase transition (phase diagram compression time scales, material kinetics hinders the transition to

shown in Fig. 1) is of particular interest for fundamental reasons’ an equilibrium cubic diamond crystal structure. Shock wave com-

and a wide range of applications.”™ At static pressure and tempera- pression of graphite typically requires pressures above 50 GPa to
ture, graphite transforms into diamond along a positive Clapeyron observe the phase transition on the time scale of shock compression
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FIG. 1. HOPG phase diagram. Open squares are from ab initio calculations.”

experiments.””'" Furthermore, a hexagonal polytype of diamond

(lonsdaleite, diamond-2H) has been observed in shock-compressed
material subsequent to impact events,'” suggesting that the time
scale of compression plays a strong role in the phase transition.

The observation of lonsdaleite under shock compression has
been a persistent mystery, including the debate over whether hexag-
onal diamond actually exists, or is an equilibrium cubic diamond
rich in aperiodic stacking faults."” Previous studies of the phase
transition of graphite to diamond or lonsdaleite under moderate
shock compression®“'” support a martensitic mechanism for the
phase transition, but these studies did not observe atomic structure,
so the transformation mechanism was not revealed. More recent
studies of impact-formed diamond support the shock formation
hypothesis via the observation of large, strongly textured crystals,"®
and rapid out-of-plane (non-diffusional) boat and chair type dis-
tortions.'” Diffraction-based studies of shockwave compressed
carbon typically observe lonsdaleite on greater than nanosecond
time scales subsequent to compression. In these experiments, we
have used the unique capability of MEC/LCLS to explore the phase
transition behavior of carbon subsequent to picosecond scale com-
pression shock rise times followed by ~100 ps sustained compres-
sion. At comparable time scales, advanced ultrafast experiments
have observed fundamental aspects of material behavior under
rapid compression, including plasticity,'”>* chemistry,”>** phase
transitions, ”'* and small scale, extreme compression.”””° Generally,
ultrafast compression experiments have been used to investigate the
previously unknown states of matter under extreme elastic com-
pression,'®'>*” sub-100 ps martensitic phase transitions,”® and
strain rate dependent shock-induced chemistry,”>*”" but the
response of graphite to ultrafast compression has not previously
been investigated on picosecond time scales.

Simulations’' suggest that an ultrafast, non-equilibrium trans-
formation between highly ordered graphite and diamond may
occur with a very strong (>100 GPa), fast (<1 ps) compression wave
applied normally to the basal plane of the graphite. The transfor-
mation mechanism for this scheme is thought to differ from the
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conventional near-equilibrium mechanism. In particular, the ultra-
fast mechanism is predicted to involve a transient “layered
diamond” intermediate state,”’ which is not thought to be involved
in the near-equilibrium phase transition. Previous experimental
works™'* employed conventional velocimetry and thermodynamic
calculations based on extrapolations. Erskine and Nellis® concluded
that the transformation mechanism was martensitic (not diffusive)
but did not observe atomic structure. In general, works involving
ultrafast laser pulses’” ™ have not applied in situ characterization
of the atomic structure through transformation. In this work, MEC
provides a unique opportunity to characterize an atomic structure
with picosecond time resolution.

Il. EXPERIMENTAL DESCRIPTION

A schematic of the experiment is shown in Fig. 2.
The samples comprise a 1 or 2 um (depending on the sample used
for a given energy) Al front surface ablator coating <10um thick
HOPG samples on a 500 um thick ~2.5 cm diameter Si wafer with
a 15x 15 matrix of chemically etched wells, through which the
sample is laser-shocked in a given shot (similar to the sample con-
figuration for previous experiments on Zr’>*°). Using this configu-
ration, we can obtain hundreds of shots per wafer. The rear of the
sample is coated with a ~50 nm Al layer. The ablator is driven by a
~120 ps full-width half maximum (FWHM) duration laser pulse
with <30um spot size, and a fast (sub-20ps, consistent with
previous work—see Armstrong et al’® and Radousky et al’®)
initial rise launching a shock wave of similar duration into the
ablator. The x-ray diffraction experiment is comparable to previous
works,””” where the shock wave transits the ablator and enters
the HOPG sample, and rapid compression initiates a compression-
driven structural change. After a variable delay, a ~100 fs duration,
1.301 A wavelength x-ray pulse is used to obtain an x-ray

0]
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FIG. 2. A schematic of ultrafast laser-driven shock compression experiments on
HOPG with XRD at LCLS. Here, Al coated both sides of the sample with a
1-2 um thick layer on the drive side and a thin layer on the opposite side.
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diffraction (XRD) pattern from the sample, providing structural
information during compression wave transit through the sample.
Diffraction patterns were collected using three CSPAD detectors,
each collecting a single frame per shot. Using this method, the pro-
gress of structural transformations in the HOPG sample can be
tracked with picosecond time resolution. The laser arrival time at the
ablator is determined by observation of the delay time at which
shifted Al ablator peaks are observed in lower energy shots—the
accuracy of this estimate is within ~20 ps. The peak pressures in
these experiments were determined from Zr experiments at the same
drive and sample conditions for the Al ablator;”*° the HOPG
samples were obtained commercially from Optigraph™ with thick-
nesses of 5-7 um. Pre-shot data showed that the samples were very
strongly oriented in the 001 direction for hexagonal graphite; except
for the 002 reflection, no other diffraction signal was observed prior
to the shock experiment, consistent with a very strong orientation
along the 001 direction. Calibration of sample-detector distance and
geometric correction was conducted with Dioptas.” Parasitic scatter-
ing, likely due to a misaligned pinhole and noticeable as an intense
off-center diffraction artifact (see below), was observed but did not
significantly impact the analysis. A slightly different background level
of the different detector segments generates artifactual features in the
integrated diffraction patterns and requires a further restriction of the
regions of integration. After the integration with Dioptas, the sample
zero-offset was checked and corrected by using the diffraction signal
of unstressed aluminum at the rear of the sample.

Diffraction patterns integrated over the entire azimuthal range
were analyzed with Powder Cell’” by modeling and refining diffrac-
tion patterns of the unshocked Al from the rear coating, shock-
compressed Al, and the features of the carbon phases. PseudoVoigt
profiles with fixed mixing terms and refined Gaussian terms were
used in modeling the patterns. The background was fitted with fourth
order polynomials. Diffraction features of highly oriented phases (see
Fig. S1 in the supplementary material) were fitted with the LeBail
approach, whereas smooth extended Debye fringes were fitted with
the Rietveld approach. The smooth extended Debye fringes of
shocked and unshocked Al were fitted with the Rietveld approach.
Diffraction features of the highly oriented carbon phases (Fig. S1 in
the supplementary material) were also initially modeled with the
Rietveld approach and the preferred orientation was fitted with the
March-Dollase approach. However, since the orientation of carbon
phases was generally along more than one axis, and because only one
or two orientation axes could be fitted, the observed intensities could
not be fully modeled in all cases and a LeBail fit was conducted as a
final step to show at least the peak profile fit of modeled and observed
diffraction features without weighting their structure factors. Details of
these fits are described in the supplementary material. Separately, the
diffraction patterns were also integrated over smaller regions where
shock compression-induced peaks appeared, and peak positions were
analyzed as shown below. Both analyses are consistent with the for-
mation of lonsdaleite at early times during compression and reversion
to the graphite phase, subsequent to the release of pressure.

lll. EXPERIMENTAL RESULTS

Shock compression data were taken at laser drive energies
ranging from 2.5 to 250 mJ. This resulted in peak pressures ranging
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from 10 to 100 GPa in the Al ablator, determined by estimates of
the peak shock-induced strain in the sample combined with hydro-
dynamics simulations employing the known equation of state of
aluminum.”>*° Intermediate pressures were obtained, but did not
yield any obvious evidence for diamond phases at pressures (in the
Al) less than 100 GPa, for shots up to pressures of ~40 GPa in the
ablator. Peak pressures for the Al ablator are consistent with previ-
ously published Al/Zr data’ and impedance matching to the
known Hugoniot of graphite gives pressures in HOPG around 80%
of the pressure in Al In particular, the difference of 100x in laser
intensity (between the 2.5 and 250 m] drive energies) gave a differ-
ence of 10x in the shock drive pressure, as expected from the
square root dependence of pressure on laser intensity, ie.,
Poc IO.S"’“

Hydrodynamic simulations of shock wave propagation
through the samples are shown in Fig. 3 for 2.5 and 250 m] drive
energies. These simulations are calibrated by empirical estimates of
pressure from diffraction data in Radousky et al.’® and Armstrong
et al” and are employed principally to corroborate the shock
arrival time at the AI/HOPG interface with shock-induced changes
in the HOPG diffraction pattern. From the positions of ambient Al
x-ray peaks subsequent to the arrival of the laser drive, but prior to
the arrival of the shock wave, preheating of the sample is estimated
to be negligible.”” The simulations utilize a pressure drive that has
been calibrated to reproduce the shocks generated by laser ablation
on the LCLS platform. Here, we account for an ablated material at
the drive surface, as determined from previous works on Al abla-
tors at the same drive conditions.”® The simulations are adiabatic
with an initial mesh size of 5nm and a time step determined by
the Courant condition. The mechanical response of the Al layers is
described using a Griineisen equation of state (EOS).*” For the
HOPG layers, we initially utilized a Griineisen EOS for graphite*

35,36

but this model was found to be mechanically unstable at larger ¢
compressions (relative volumes of less than ~0.6). Therefore, we !

re-parameterized HOPG EOS using the gas-gun Hugoniot data for
graphite and more recent data that achieved higher pressures (up
to ~200GPa), using laser-driven compression experiments.'’
Although the HOPG EOS does not explicitly account for phase
transitions, it captures the bulk compressibility with sufficient accu-
racy for our purposes (identification of wave arrival times, com-
pression duration, etc.). The details of EOS parameterization and
fitting results are given in the supplementary material.

From the hydrodynamic simulations, we obtain predictions of
shock arrival at the HOPG layer that is accurate to within 20 ps, as
confirmed by the appearance of lonsdaleite peaks in the x-ray dif-
fraction data. As shown in Fig. 3, we estimate the thickness of com-
pressed HOPG over the compression time (i.e, for the 2D
diffraction patterns shown in Figs. 4 and 5) is less than 500 nm. As
shown in Fig. 4, highly textured, spotty diffraction peaks consistent
with lonsdaleite appear within approximately 20 ps, subsequent to
shock arrival in the HOPG sample. Al diffraction lines are poly-
crystalline rings spanning the entire azimuthal range. All 250 m]J
shots at delays within the compression time of HOPG exhibited the
appearance of a similar diffraction signal subsequent to compres-
sion. Both shocked and unshocked Al generated smooth Debye
fringes. In the 250 mJ runs, shocked Al exhibited very broad dif-
fraction features and additional scattering at diffraction angles
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FIG. 3. Hydrodynamic simulations of HOPG compression for drive energies of 2.5 (left) and 250 mJ (right). Pressure is plotted in the Lagrangian space-time plane. The
estimates of pressure in aluminum are consistent with previous works on Zr.*>*° The insets show the pressure profile at 280 ps (2.5 mJ) and 200 ps (250 mJ) subsequent
to compression wave arrival in HOPG. Note that different energies involve different initial thicknesses of HOPG.

where Bragg diffraction is extinct in the regular Al fcc lattice. This

is consistent with the melting of Al observe the transformation from HOPG to lonsdaleite in all

Figure 5 shows the 2D diffraction patterns over windows ~100 GPa (in Al) compressed data as early as 160 ps subsequent to
around peaks that appear subsequent to compression at 160 ps shock launch into the Al ablator (i.e., just subsequent to the shock
delay (just subsequent to HOPG compression) with corresponding compression of HOPG—see Fig. 3, right side). Lonsdaleite is

integrated patterns. While under compression, we consistently
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FIG. 4. Pre-shot and in sifu cake diffraction data for a shot at 160 ps time delay, 250 mJ drive energy. The diffraction angle is along the horizontal axis, increasing to the
right, and the azimuthal axis is vertical. A curved artifact in the data (labeled in the pre-shot image) is likely due to a misaligned pinhole. Unlike shock modulated signal

from HOPG or Al, the spot pattern for the artifact did not change between pre-shot and in situ images. Solid Al lines in the in situ data are due to the thin (unshocked,
solid) layer of Al on the rear of the sample.
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FIG. 5. 2D patterns in regions near the highlighted regions in Fig. 4 show diffraction lines identified as lonsdaleite and ambient aluminum before (pre-shot, top row) and
during (in situ at 160 ps delay, middle row) compression. Corresponding integrated diffraction patterns over the azimuthal range of the 2D windows are shown at the
bottom with fitted peak positions for lonsdaleite (blue vertical lines) and ambient aluminum (red vertical lines). Dashed lines are the integrated pre-shot patterns, and solid
lines are the integrated in situ patterns, which show the appearance of peaks subsequent to compression. Due to the highly textured nature of the products, the integrated
patterns only include data over a limited azimuthal range to aid in the identification of lonsdaleite peaks. The pinhole artifact gives a spurious peak near 2.95 A" in the left-
most column (away from the lons 100 peak). A similar artifact cuts obliquely through the 2D window for the lons 002 peak but does not substantially contribute to the inte-

grated signal, which is dominated by the compression-induced lons 002 peak.

identified by 100, 002, and 103 reflection peaks in the 2D patterns.
Both the lonsdaleite and released graphite products are highly ori-
ented, likely inheriting this preferred orientation from the initial
highly oriented graphite. Unlike conventional, long time scale com-
pression, here, crystallite products likely do not have sufficient time
to reorient or undergo large plastic deformation. From estimates of
the shock wave arrival time in HOPG, the phase transition
occurred within tens of ps subsequent to compression, consistent
with the time scale suggested by some molecular dynamics (MD)
simulations.’’ As a consequence of a very strong crystallite orienta-
tion, no reflections of HOPG or lonsdaleite were observable in the
Q range from ~3.3 to ~5.3A”" in any data. The fact that these
reflections are not observed can be interpreted as a systematic
absence. Therefore, we modeled a carbon phase that only shows
reflections at the Q values of the two prominent spotty diffraction
features at 3.0-3.1 and 5.6-5.7 A~". This structure can be derived

by mapping the cell of lonsdaleite onto a hexagonal supercell cell
with § times the a- and b-axes and with C residing on site 4e (with
possible orthorhombic distortion—see Sec. V). This site has only
partial occupancy below % to avoid unphysical C-C distances and
an occupancy ~0.4 reproduces the density of ordered lonsdaleite.
Hence, this model phase is a disordered lonsdaleite structure.
Taken together, the available data support formation of lonsdaleite,
potentially with some level of structural disorder—see further com-
ments in Sec. V.

To generally demonstrate the observation of lonsdaleite, Fig. 6
shows estimates of density from peak positions for two assump-
tions: (1) the lonsdaleite phase with the three observed peaks
assigned to lonsdaleite 100, 002, and 103 reflections and (2) the
graphite phase with peaks assigned to graphite 100, 101, and 112
reflections. Just subsequent to compression (at times between about
160 and 240 ps), for the lonsdaleite phase assumption, all three line
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FIG. 6. Densities from peak shifts assuming the lonsdaleite phase (left) and the graphite phase (right).

positions give a consistent density of around 4 g/cm?, which is also
consistent with the pressure estimate of around 80 Gpa, given by
impedance matching along the graphite Hugoniot (for compres-
sion by Al at 100 GPa). At later times (when the pressure is
expected to release), the graphite phase assumption gives consistent
line positions at substantially lower pressure. The earliest detection
of lonsdaleite signal occurred between 140 and 160 ps delay after
shock launch in the Al ablator, consistent with the arrival time esti-
mated from hydrodynamics simulations, 160 ps. This suggests an
upper bound for the phase transition time of 20 ps. This estimate is
limited by a 20 ps interval between time delays, uncertainty in the
shock arrival time from simulations, and a minimum amount of
converted material to diffract enough signal to be observable.

We observe the back transformation to graphite within 300 ps
after the release of the sample, when a distorted graphite peak cor-
related with the release of the sample is observed at around 6 A™".
This effect is distinct from the appearance of lonsdaleite upon com-
pression. In particular, the appearance of strong graphite peaks at
high Q (>6 A™") occurs for all data, including the lowest pressure
data at 2.5 mJ drive energy. Late time diffraction patterns exhibit a
substantial growth of graphite peaks for Q values greater than
about 6 A™' subsequent to release but do not exhibit peaks in the
range from ~3.2 to ~5.3 A™', suggesting that the sample remains
highly oriented.

IV. CHARACTERIZATION OF THE CARBON PHASES
PRESENT DURING SHOCK

Full frames with integrated patterns inset are shown in Fig. S1
in the supplementary material. The collected image frames include
parasitic diffraction, evident as spotty fringes centered around a
markedly different location than the primary beam that illuminates
the sample, with one example labeled “artifact” in Fig. 1. Other
artifacts in the integrated patterns result from a broad diffuse dif-
fraction peak from incipient Bragg diffraction of the Si wafer, and
gaps between the detector segments and enhanced signal at the

borders of the detector segments generate negative offsets or cusps
in the integrated pattern. All these features were excluded from
integration of the diffraction signal by using the masking function
of Dioptas.”” At some locations in the detector plane, parasitic dif-
fraction intersects sample diffraction. Also, all sample-related dif-
fraction was observed at azimuthal angles where the signal was not
compromised by parasitic diffraction. An additional artifact was
noticed at the second step: at an elevated signal level, the response
of some detector segments was different from the rest and resulted
in broad features in the integrated patterns. These features in the
integrated patterns do not correspond to any measurable signal in

the actual frames and were suppressed by masking most or all of ¢
Fortunately, there was no

the affected detector segments.
sample-related diffraction signal that occurred only in these prob-
lematic detector segments. In Fig. S1 in the supplementary
material, the masked regions appear black. Our analysis is based on
(a) observation of the new peaks and (b) their disappearance upon
shock release. Only graphite is observed upon release below
~80 GPa. Any other carbon phase that is formed during dynamic
compression transforms back into graphite. Although Fig. 6 indi-
cates that the compressed sample is more consistent with the lons-
daleite equation of state, a more detailed analysis also supports this
conclusion. We now discuss the nature of shocked carbon material
based on its diffraction signal.

Figure 4 compares pre-shot and in situ XRD patterns from
the same run and sample. Carbon diffraction during HOPG com-
pression exhibits pronounced broad Bragg reflections [marked by
ellipses in Fig. 4 (in situ) and Fig. Sl in the supplementary
material]. In addition, smooth Debye fringes with intensity modu-
lation along the azimuthal angle are observed. The modulated
intensity indicates the texture (that is: crystallite preferred orienta-
tion along more than one axis) of the grains that generate this
signal. For the most pronounced fringe (near Qs of 3.03 and
32A7Y), the diffraction angle matches that of the pronounced
Bragg peaks. We examined the Debye fringes by integrating the dif-
fraction images with the pronounced Bragg peaks masked: the

0v:71:80 £20Z Jequieoaq 1

J. Appl. Phys. 132, 055901 (2022); doi: 10.1063/5.0085297
Published by AIP Publishing

132, 055901-6


https://www.scitation.org/doi/suppl/10.1063/5.0085297
https://www.scitation.org/doi/suppl/10.1063/5.0085297
https://www.scitation.org/doi/suppl/10.1063/5.0085297
https://www.scitation.org/doi/suppl/10.1063/5.0085297
https://www.scitation.org/doi/suppl/10.1063/5.0085297
https://aip.scitation.org/journal/jap

Journal of

Applied Physics

powder statistics of this fraction of material allows for phase identi-
fication, as long as the effect of texture on the diffraction intensities
is taken into account. We find that this fine-grained fraction is best
fitted by lonsdaleite: The fringes at Q of 3.03 and 3.2 A™' match
lonsdaleite 100 and 002, and additional weak features at higher Q
(5.65 A7") can be also explained as reflections of lonsdaleite. The
observed c/a ratio is 1.65 (1) and the unit cell volume from this
analysis corresponds to a density of 3.9g/cm’ consistent with
Kraus et al. However, we note that some reflections of lonsdaleite
such as 101 and 102 are not observed. The orientation-induced
modification of diffraction intensities may account for a marked
suppression of reflections within some ranges of the azimuthal
angle but also implies a marked enhancement of intensity within
complementary angular ranges. It is possible that these ranges are
not probed by our limited diffraction aperture, but it also cannot
be proven.

Therefore, we tested an alternative model that is based on the
intense carbon reflections at Fig. 4 regions, labeled Lons 002 and
Lons 103, and at 80.5° (see Fig. SI in the supplementary material
in the 220 and 260 ps frames). In addition, we assume that the
absence of observable carbon diffraction signal between
32A7'<Q<5.6 A7 is not an accidental result of orientation, but
intrinsic to the structure of compressed carbon. With this informa-
tion, we are able to model a carbon structure that has observable
reflections only at these angles through group-subgroup mapping
from lonsdaleite. The mapping, cell dimensions, and fractional
atomic coordinates are given in the supplementary material. The
structure bears basic features of lonsdaleite through a tetrahedral
network of C-C bonds with length 1.47 +0.05 A, while the multi-
plicity of its only, partially occupied site generates a number of
potentially occupied positions every 1.5 A along the c-axis, which
are equivalent to compressed graphitic sheets as proposed by
Scandolo et al.** and Wang et al.*” The intermediate states calcu-
lated by Scandolo et al.** and Wang et al.** are ordered, while the
present model exhibits intrinsic lattice disorder with partially occu-
pied sites.

We note that this model represents the features near 3.2 A™"
(Fig. 4 in situ, Fig. S1 in the supplementary material) as a single
reflection, whereas (for instance) Fig. S1 in the supplementary
material 220 ps shows that there are two distinct peaks near this
Q. This can be explained by a mixture of ordered lonsdaleite and
disordered lonsdaleite. However, it is more plausible that the disor-
dered model structure represents a limiting state of atomic scale
disorder of lonsdaleite, whereas the real material in the experiment
is intermediate between this state and fully ordered lonsdaleite. In
particular, an intermediate structural state explains (a) the absence
of diffraction intensity between 3.2 A7'<Q<56A7" and (b) the
observation of two distinct peaks at near 3.2 A™' that match lons-
daleite 100 and 002. With the available data, a more accurate mod-
eling of this disorder is not possible.

V. DISCUSSION

We note that for the peak conditions studied here (~80 GPa),
the carbon phase diagram would indicate cubic diamond forma-
tion, exclusively. However, recent in situ XRD experiments have
indicated a preponderance of hexagonal diamond formation under
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dynamic high pressure loading, with no observable cubic
diamond.'" Supporting density functional theory (DFT) calcula-
tions for a diffusionless phase transformation confirm that the
kinetic barrier for hexagonal diamond formation is slightly lower
than that for cubic diamond (1.99 vs 2.08 eV), though this could be
within the error limits of those computations. These results hold
true for both hydrostatic and non-hydrostatic conditions.*” In con-
trast, the DFT calculations from Stavrou ef al.'’ yield a small favor-
able relative enthalpy for a cubic diamond at high pressure (e.g.,
~0.1 eV lower than that of hex diamond at 40 GPa). This indicates
the possibility of both phases co-existing under extreme conditions,
with possible kinetic trapping of the hexagonal phase. Previous
studies on the high pressure phases of carbon make it likely that
the energetic barrier for interconversion of hex to cubic is
extremely large (>>kpT)."”” This phase co-existence is confirmed by
MD simulations of shock-compressed graphite using a multi-phase
carbon model which shows simultaneous regions of both hexagonal
and cubic diamonds at peak shock conditions.*

Quantum MD simulations of graphite under a range of ultra-
fast strain rates have indicated that strongly overdriven loading
stresses (e.g., in excess of 100 GPa) were required to induce phase
transition to the cubic diamond on picosecond timescales (similar
to the time resolution of the experimental measurements discussed
here).”” This study also yielded an extensive presence of defective
regions which included both local disorder and the hexagonal
diamond. This would indicate that high stresses likely reduce the
energetic barrier for phase interconversion closer to kgT. A possible
mechanism for this process could involve a layered structure,’’
where the formation of hexagonal or cubic diamond sub-regions
depends on the instantaneous local stacking of the graphite layers.
Indeed, the low kinetic barrier for the sliding of graphite basal
planes (approximately, 0.06 eV) would indicate that intermediate

stacking states (e.g., ABCABC vs ABAB) would be thermally acti- ¢
vated under ambient (pre-shock) conditions. We have somewhat !

explored this hypothesis by performing XRD predictions of layered
diamond structures under slight shear strain to mimic this scenario
(structures available on request). However, these intermediate
states are of low symmetry and yield a slew of additional XRD
peaks that were not present in any of our experimental measure-
ments. Previous calculations have indicated that these high pres-
sure layered states have extremely short lifetimes (e.g., less than
1ps),”" and hence, could be difficult to observe with the time-
scales probed here.

We note that the direct transformation of graphite to diamond
appears to occur along different pathways where pressure, tempera-
ture, presence of additional chemical agents or catalysts, and the
time scale are important. Martensitic transformation pathways are,
in principle, favored during dynamic compression’’ in compression
and seem inevitable in experiments where the peak shock compres-
sion is restricted to the ps time scale (such as in the present study).
The absence or presence of lonsdaleite as an independent crystal-
line phase can constrain the possible martensitic pathways.”'~>”
The product lonsdaleite exhibits strong, nearly single crystal textur-
ing, ie., intense, spotty peaks over a narrow azimuthal range.
Integrated diffraction patterns over the entire detected azimuthal
range were difficult to interpret since signals due to compressed
aluminum and artifacts could not be distinguished from product
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lonsdaleite. Yet, as shown in Fig. 5, highly textured lonsdaleite
peaks were identified in all the 2D patterns that interrogated com-
pressed HOPG. Generally, we expect that the interpretation of dif-
fraction data from materials under non-equilibrium,
non-hydrostatic stress will require a more sophisticated analysis of
the 2D patterns. Further orientational analyses of these data are
included in the supplementary material.

The direct transition from graphite to diamond(—3C) or its
hexagonal polytype lonsdaleite (diamond-2H) under static pressure,
but in the absence of catalysts or other chemical agents, has been
suggested to be diffusionless.”” This is consistent with group-
theoretical considerations of the transformation pathways.’’
Atomistic simulations of diamond nucleation in graphite suggest
that the growth of cubic diamond is favorable over the formation of
lonsdaleite, which only forms as a domain within the diamond.™
Observations in natural impact-related diamonds'” support these
simulations, but this prediction is not supported by some other
static and dynamic experiments'** and other simulations.”

VI. CONCLUSION

It is interesting to note the strong role of kinetics in determin-
ing the shock pressure needed to drive the diamond or lonsdaleite
phase transition at different time scales. For longer scale (many
nanoseconds) experiments, 50 GPa is sufficient,'”"" while at pico-
second time scales, the needed pressure appears to be much higher.
Here, we find that over the very short compression time and length
scales of this experiment, the diffraction peaks in compressed
HOPG are sufficiently narrow to identify product states, in this
case, cubic and predominantly hexagonal diamond. Furthermore,
although it is possible to compare temperatures and pressures
obtained from quasi-equilibrium experiments and calculations, "’
we note that the states accessed in this experiment are explicitly
non-equilibrium (lonsdaleite is not a thermodynamically stable
phase in the equilibrium phase diagram of carbon), and, thus, esti-
mates of pressure and temperature must be considered with care.
Future works must consider an expanded range of non-hydrostatic
stress states, just as a full range of 2D diffraction patterns must be
employed.

Generally, these results are consistent with the observation of
lonsdaleite in impact (i.e., shock) compressed graphite. These data
further suggest that the formation of lonsdaleite is kinetically
favored (over cubic diamond) under rapid compression. Consistent
with speculation in an early shock compression work'* and more
recent static studies of diamonds from impact events, '’ these
experiments suggest that the formation mechanism is martensitic
(i.e., does not require long time scale diffusion), and at very early
times, the orientation of the lonsdaleite product is correlated with
the initial graphite orientation. This work connects inferences
based on the structure of the diamond product to a dynamic exper-
iment at a near ab initio scale.

SUPPLEMENTAL MATERIAL

See supplementary material for the analysis and fitting of dif-
fraction patterns integrated over the entire azimuthal range, a
detailed discussion of fits and implications for texture and disorder,
and parameterization of the HOPG equation of state.
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