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Synthesis of bulk hexagonal diamond
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Hexagonal diamond (HD), with anticipated physical properties superior than the
known cubic diamond, has been pursued relentlessly since its inception 60 years ago'.
However, natural and synthetic HD has only been preserved as a highly disordered
componentin fragile, heterogeneous mixtures of other nanocarbon structures that
precludes determination of bulk properties and identification of HD asabona

fide crystalline phase**. Here we report the synthesis, recovery and extensive
characterization of bulk HD by compressing and heating high-quality graphite single
crystals under controlled quasi-hydrostatic conditions. We demonstrate the successful
synthesis of 100-um-sized to mm-sized, highly ordered, bulk HD. We observed direct
transformation of graphite (1010) orientation to HD (0002) and graphite (0002)

to HD (1010). The bulk sample consists of threefold intergrowth of tightly knitted
100-nm-sized crystals, predominantly HD with trace imperfections of cubic diamond.
Theinterlayer bondsin HD are shortened with respect to intralayer bonds to optimize
the HD structure. Notably, the hardness of HD is only slightly higher than cubic diamond.

M Check for updates

We anticipate that purifying the precursor graphite carbon and fine-tuning the high
pressure-temperature (P-T) synthesis conditions may lead to higher-quality HDs.

Diamond has unmatched hardness and other extreme properties and
is considered an ideal material for applications ranging from supera-
brasives, heat sinks, biosensors and quantum computation to photonic
devices®®. These properties originate fromits unique building blocks
of sp>carbon, bonded to each other with1.54 Abond length and 109.5°
bond angle that form perfect tetrahedrons. This single type of bond-
ing extends infinitely in two dimensions to form buckled honeycomb
carbon layersandthe layers stack with the same 1.54 Abond in the third
dimension to form the (111) planes of cubic diamond crystals. Such
structure, however, also has aweakness. The (111) linkages are relatively
weak between layers, resulting in weak (111) cleavage planes that limit
the strength of diamond. Selectively shortening and strengthening
interlayer bondsrelative to the intralayer bonds would lower the sym-
metry of cubic diamond to hexagonal.

HD was predicted six decades ago' and subsequently synthesized by
dynamic explosion? and static compression®. Natural HD was reported
in the Canyon Diablo iron meteorite and named lonsdaleite after pio-
neer woman crystallographer Kathleen Lonsdale’. Although HD was
theoretically predicted to have mechanical properties superior to cubic
diamonds®, all previously known synthetic or natural HD samples are
fragile, fine-grain mixtures of HD mixed with various proportions of
cubic diamonds, amorphous carbon or residual graphite*” 2. Hardness
and other physical, chemical properties of HD could not be delineated
from such a mixture of several phases.

Decades of relentless searching for pure, bulk HD has notled to a
successful sample. Using the newly developed synchrotron beamline
for dynamic shock experimentation, the formation mechanism of HD
has been investigated by in situ X-ray diffraction (XRD) probe during
shock compression®¢, but the shocked sample was not recoverable for

detailed analysis. By contrast, in-depth electron microscopy investiga-
tions on the Canyon Diablo meteorite and synthetic carbon samples
revealed alarge variety of complex nanostructures, but bulk HD beyond
several atomic layers were never found, leaving even the existence of
HD as areal phase in doubt'”™%,

These recent studies, however, disclosed highly valuable informa-
tion for synthesizing pure HD and pointed out the potential solution.
The large temporal and spatial stress—strain variations during the
transient states of meteoritic impact is the main cause for the large
variety of carbon nanostructures. As just one of the nanostructures,
the formation of HD must be very sensitive and stringent to the local
stress condition. Therefore, the pursuit of a macroscopic-size, pure
HD sample would require awell-characterized single-crystal graphite
precursor and follow its crystallographic change under uniform P-T
conditions throughout the transition to the final recovered product.
Distinguishing the recovered HD from other competing nanostructures
would require a set of complementary macroscopic and microscopic
diagnostic probes that, in combination, are capable of unequivocally
and redundantly identify the product as a bulk HD sample.

Here we report comprehensive high P-T studies to establish the
existence of HD asabonafide phase, to determineits structure relation
withits parental graphite, to synthesize bulk HD and to measure its opti-
cal and mechanical properties. Both a diamond anvil cell (DAC) and a
multi-anvil press were used for compressing and heating single-crystal
hexagonal graphite starting material under quasi-hydrostatic high-P
condition. The precursor-product crystallographic relationships
were monitored in situ at high P during the graphite-to-HD conver-
sion by XRD and microscopic observation. Bulk HD synthesized at
high P-Twere successfully recovered at ambient conditions for further
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ex situ investigations using XRD, high-resolution transmission elec-
tron microscopy (HRTEM), X-ray Raman spectroscopy (XRS), electron
energy loss spectroscopy (EELS), ultraviolet (UV) Raman spectros-
copy and Vickers hardness measurements. We demonstrate that HD is
indeed the hexagonal counterpart of cubic diamond, with shortened
andstrengthened bonding between buckled honeycomb layers. These
findings open new exploration of HD as a potentially superior techno-
logical material.

High P-T synthesis with in situ XRD probe

We conducted 40 experiments in the past 8 years to investigate key
issuesofthe graphite-to-HD transition. We studied the pressure-induced
change of XRD of single-crystal graphite sample (0001 flake) in neon
hydrostatic pressure-transmitting mediumin a DAC to keep the samples
intactbefore, during and after the transition and to preserve the crys-
tallographic orientations of the products and their relationship to the
original graphite crystals. Increasing pressures up to13.2 GPa (Fig. 1a),
XRD clearly shows the typical single-crystal hexagonal [0001]
near-zone-axis pattern of graphite, with six sharp (1010) XRD spots
equally distributed 60° apart on the inner constant 26 circle and six
(1120) XRD spots on the next outer (smaller d-spacing) constant 26
circle, with azimuth angles exactly in between (30° from) two adjacent
(1010) spots. The calculated d-spacings of (1010) remain exactly -/3
times that of (1120) over the range 0-13.2 GPa, reflecting the hexagonal
honeycomb configuration of graphite.

Increasing pressures from13.2 to 20.0 GPa (Fig. 1b and Extended
DataFig.1), however, the two circles behave differently: the outer cir-
cle expands substantially (d-spacing decreases), whereas the inner
circleslightly shrinks (d-spacingincreases). In this pressure range, we
witnessed the strong compression of the previous G (1010) d-spacing
from2.118 A t02.061 A but slight expansion of the G (1120) from 1.221 A
t01.223 A, resulting inaratio of 1.68 instead of 1.73 (=+/3). The extreme
deviation from the strict+/3 rule clearly demonstrates that the sample
isnolonger graphite but has transformed to a high-pressure crystalline
carbon phase. This sharp single-crystal-like XRD pattern can be
explained by one of the two alternatives: either a cubic diamond (D)
single-crystal [111] zone axis image with the conversion of G (1010) >
D (111), G (1120) > D (220) or three HD single crystals [1010] zone axis
images with G (1010) - HD (0002), G (1120) - HD (1120). The HD alter-
native requires intergrowth of three separate domains of [1010] zone
axis patterns with their c-axis lying flat, 1220° apart on the perpendicu-
lar (radial) plane to the DAC axis. The correct answer of the two alterna-
tivesrelies on XRD of the samplein the radial direction thatis blocked
by the sample gasket, thus requiring quenching and retrieving the
sample from the DAC.

The 20.0 GPa phase is not quenchable by simply releasing pressure
atambient T; heating at high pressure is needed to stabilize this phase.
After laser heating to 1,400 °C at 20.0 GPa, the sample was decom-
pressed and retrieved at ambient conditions for free-standing XRD
study without the DAC. The zone-axis XRD pattern of the recovered
specimenwithincident X-ray beam along the original graphite c-axisis
shown in Fig. 1d, which is taken with the same axial geometry as
Fig.1b, shows the same sixfold XRD patterns and carries the same dia-
mond or HD alternative interpretations. In other words, Fig. 1d is either
asingle crystal of D [111] or three single crystals of HD [1010] zone axis
image; the sharp-spot, single-crystal-like pattern provides a precise
orientation matrix for distinguishing the two alternatives. We conducted
single-crystal XRD on the free-standing specimen based on the diamond
UB matrix and did not find corresponding diamond peaks, whereas
based onthe HD UB matrix, we found anexact match, thus rejecting the
diamond and proving the HD alternative. For instance, the radial pattern
inFig.1c, which was taken with the X-ray beamin the direction perpen-
dicular to the original graphite c-axis, reveals the intense 2.175 A peak
thatis the characteristic HD (1010) d-spacing but does not exist in cubic
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Fig.1|Single-crystal phase transition fromgraphite to HD under high
pressure and high temperature and their epitaxial crystallographic
relationship. a,b, Near-c-axis XRD pattern on graphite sample takenat13.2
and 20.0 GPa. c¢,d, XRD patterns of recovered HD sample after laser heating to
1,400°Cat20.0 GPatakenwithincident X-ray perpendicular and parallel to the
c-axisof the starting graphite sample. The diffractionspotsina, bandd all show
aclear hexagonal symmetry. e, The atomic transformation from graphite to HD.
Black solid and dashed lines connecting spheres of the same colours form
new honeycombs of HD and red lines on the c-axis form bonds between HD
honeycombs. Blue and black spheres represent the close-packed planes of HD
inthe ABAB stacking sequence. f, SAD pattern of the recovered specimen from
alargearea (1 pmindiameter) showing a hexagonal-like pattern, similar to the
XRDresultind. g, SAD pattern froma200-nm areashowinga twofold symmetry
thatcanbe wellindexed by HD [1010] zone axis pattern of asingle nanocrystal.
h, Schematic of the epitaxial relationship between graphite and HD.

diamond. A series of diffraction spots were observed and the corre-
sponding d-values are listed in Extended Data Table 1. All peaks can be
well indexed with the HD phase (SG P6,/mmc, a=2.52 A, c=4.16 A)*2,
In conclusion, single-crystal XRD of the recovered specimen is pre-
dominantly crystalline HD, although we cannot rule out a minor com-
ponent of cubic diamond escaping XRD at the several percent level.



Our HD specimen transformed from agraphite single crystalunder
controlled quasi-hydrostatic P-T condition to the highly long-range-
ordered, single-crystal-like HD is fundamentally distinctive from the
disordered nanoprecipitation or dense planar defects in cubic diamond
matrix found in shock-compressed natural meteorites or synthetic
carbon samples>7 %, With the advantage of following the crystallo-
graphic orientation of the single-crystal graphite through the transition
to the recovered single-crystal-like HD, we can now unambiguously
determinethe crystallographic relation of single-crystal graphite and
oriented polycrystalline HD as G (0001)//HD (1010), G (1010)//
HD (0001) and G [1210]//HD [1210] (refs. 11,12) (Fig. 1e). Similar to the
transformation mechanism proposed for the direct conversion of
graphite to cubic diamond?, the formation of HD is expected to pro-
ceed through an intermediate structure® (Fig. 1e). The growth of HD
from the coherent interface involves the transition of the flat carbon
honeycomb layer in graphite to the buckled carbon honeycomb layer
of HD, which aligns parallel to the {1010} planes of the original graphite.
Owing to the threefold degeneracy of the G {1010} class, the original
single-crystal graphite must splitinto a polycrystalline aggregate of
three sets of HD nanocrystals with HD (0002) corresponding to origi-
nal G (1010), G (0110) and G (1100). The orientations of allHD nanocrys-
talsineachset are well aligned. Their c-axes are perfectly aligned within
1°intheoriginal G (0002) plane and120° + 0.5° apart to give the sharp
XRD spots as in the XRD patterns of three HD single crystals (Fig. 1d),
whereas their a-axes may have rotational deviation around each c-axis
by asmuchas +5°,as shown by the arc spreadingin Fig. 1c. The average
grain size calculated from the HD (1010) peak width based on the
Scherrer formulais 70 nm.

Atomistic characterization with HRTEM

We further examined the HD specimen at the atomic scale using HRTEM.
A plane-view transmission electron microscopy (TEM) specimen was
prepared by precise cutting of the recovered HD specimen in its orig-
inal G (0001) orientation using focused ion beam (FIB) technology.
Theselected-areaelectron diffraction (SAD) pattern (Fig. 1f) from the
specimen using al-uym-diameter aperture shows the ostensible sixfold
symmetry with a d-value of 2.08 A, consistent with the XRD image in
Fig.1d. When the aperture diameter decreases to about 200 nm, only
areduced number of diffraction spots corresponding to a twofold
symmetry remains (Fig. 1g) and can be indexed as a HD [1010] zone axis
pattern. The large and small SAD patterns (Fig. 1f,g) again indepen-
dently rejected the cubic diamond [111] alternative and unequivocally
demonstrated that the specimen consists of three sets of HD nanocrys-
talline domains with HD (0001) parallel to the three symmetric G (1010)
of the original graphite single crystal (Fig. 1h). Diffraction contrast
image analysis further confirms the triple-twinned HD microstructure
with domain size around 100 nm (Extended Data Fig. 3), consistent
with the XRD estimate of 70 nm based on peak width. Itis worth noting
that tilting of electron diffraction patterns also allow us to confirm the
3D crystallographic symmetry to distinguish HD from cubic diamond
unequivocally. The tilt series of SAD patterns and HRTEM images
from several major zone axes of one HD variant (Extended Data Figs. 4
and5) confirmthat the recovered sample is a submicron aggregate of
bonafide HD.

The characteristic structural difference between diamond and HD
isthe ABC and AB stacking sequences of buckled carbon honeycomb
layers, respectively. Therefore, the best way to distinguish them is to
view the stacking sequence from the D [110] or the HD [2110] direction.
Figure 2ais taken along HD [2110] direction, in which a large-area HD
with pure AB stacking can be seen, which provides direct evidence of
HD. Figure 2b shows the HRTEM image taken along the HD [0001] direc-
tionfromacross-sectional TEM sample. The carbon atomsin this direc-
tionarearranged inahoneycomb lattice, which indicates a hexagonal
lattice configuration in HD similar to the basal plane of graphite.

Fig.2|HRTEMimages and corresponding SAD patterns of the bulk HD
sample were acquired along different zone axes.a,b, HRTEM images along
HD [2110]and [0001] zone axes showing alarge area of HD with AB stacking and
honeycomb configuration, respectively. Scale bars,1nm. c,d, SAD pattern
along[2110]and [0001] using a200-nm selected-areaaperture. ¢, Extinction of
(0001) diffraction owing to strict ABstacking. d, SAD along HD [0001] showing
hexagonal diffraction spots with ad-value of 2.18 A.

The SAD pattern (Fig. 2c) taken with aselected-area aperture (200 nm
indiameter) shows the extinction of (0001) diffraction spots owing to
strict AB stacking. The SAD pattern (Fig. 2d) taken along the HD [0001]
direction shows hexagonal diffraction spots with a d-value of 2.18 A,
which has been carefully calibrated by the d-values of gold, distin-
guished from the D (111) d-spacing of 2.06 A.In summary, TEM exami-
nation of our specimenshows monotonousintergrowth of well-oriented
HD nanocrystals consistent with the XRD investigation. A smallamount
of cubic diamond is sometimes found as a (ABC) stacking defectin the
nanocrystalline HD, but this is too small to be observable in the SAD
pattern.

Bond Ilength probe through Raman spectroscopy

Back to our original issue of HD shortening the bond length between
thebuckled honeycomb diamond layers, optical Raman spectroscopy
provides valuableinformation on bondlength, angles and strength that
canalsobe used as fingerprints for phase identification. HD has a high
luminescence background with optical visible excitations that often
overwhelms the Raman signals. We overcame this challenge by using
a325-nm UV excitation laser? and obtained high-quality HD Raman
spectra (Fig.3a). Three peaks with vibration frequencies at1,321,1,529
and 1,249 cm™ (in the order of peak intensity) have been observed.
The absence of graphite G band at 1,583 cm™and D band at 1,370 cm™
and the cubic diamond singular sharp band at 1,332 cm™ (ref. 23) indi-
cates the absence of graphite and cubic diamond. Our peaks are in
good agreement with previous measurements of HD (ref. 22) but very
different from theoretical simulation based on singular bond length
HD structure that predicted three active Raman vibration modes at
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Fig.3| Thetwodistinctbondlengths characteristic of HD were determined
through complementary techniques: UV Ramanspectroscopy, simulated
Ramanspectraand AC-HRTEM. a, UV Raman spectrum of the recovered HD
sample showing three peaks (1,249,1,321and 1,529 cm™), marked by different
colours. The bottom purple Raman spectrumis calculated on the basis of an
ideal HD structure (ref. 24). b, Calculated Raman spectra of HD based on bond
length OB shows three Ramanmodes (A, E,;and E,,). Experimentally observed

1,300.4,1,331.8 and 1,218.4 cm™ (refs. 24,25). The clear difference fur-
ther substantiates that the carbonatomic arrangementin HD deviates
from the singular bond length model.

Direct observation of two bond lengths

Asfor the optical Raman measurements, we typically focus the probing
laser spot to 5-10 pmindiameter and the Raman signal represents the
bulk average of the measured area. To confirm the presence of two
bond lengths, we proceeded to atomic resolution and used
aberration-corrected HRTEM (AC-HRTEM) ina very thin area (around
2 nm) toimage atom arrangementin a unit cell directly. Figure 3c shows
an AC-HRTEM image along the HD [2110] zone axis and the carbon
dumbbells witha projected separation of 0.89 Ais clearly distinguished.
Both bonds, OA (blue) and OB (red), lie in the plane perpendicular to
[2110] and their bond lengths can be measured directly from the [2110]
zone axis HRTEM image. In the enlarged HRTEM image, we found that
bond length OB along the [0001] direction is shorter than OA along
the HD [1210] direction. A statistical analysis on bond lengthand bond
angleina 0.8 x 1.2-nm?area confirms the two distinguishable bond

4 | Nature | www.nature.com

1

—e— DFT simulation
% Experiments
— 1,500 - 1 1\519
1 "
€ 1 .\.
o SN : e
£ N AN
o ql\. 1 '\. Aif/Big ot
§ 13504 4 Ne. g
E N,
£ |M\’ 1g LN
[oet 1 N 4 R
I q-o—o 0 0o g ‘\‘\ ad
l‘.’ﬁ 1 E — o ‘E‘
1200 == T2 29
T T T T
1.45 1.50 1.55 1.60
Bond length OB (&)
d
= OA == OB
T T T T T T T T
1.5 1.6 1.7 13 14 15 16 17

Raman vibration frequencies areindicated by red stars. c,d, ACCHRTEM image
ofaHD variantalong [2110] ([100] in three Miller index) (c) and a statistical
analysis onbond length from the dashed box (d) shows two distinguishable
bond lengths on average: alonger one (blue) 1.58 + 0.05 A along the [0, 8, 8, 3]
([1,2,3/8]in three Miller index) direction and a shorter one (red) 1.50 + 0.08 A
alongthe[0, 0, 0,1] ([001]in three Millerindex) direction. Scale bar, 0.5 nm.
a.u., arbitrary units.

lengths: ashorter one (red) 1.502 + 0.079 A along the [0001] direction
and alonger one (blue) 1.578 + 0.049 A along the [0, 8,8, 3] ([1, 2, 3/8]
inthree Miller index) direction (Fig. 3c, and Extended Data Fig. 6) and
arelatively large distribution in bond angle of 112.1 + 2.8° (Extended
DataFig. 6), whichis similar to the nanodomain structure reported in
ref. 26. Although the bond lengths exhibit abroad range, the presence
of two distinct bond lengths in HD is well supported by statistical
analysis. The tetrahedral symmetry of the sp*>-bonded carbonin HDis
reducedto adistorted trigonal pyramid geometry with three OAbonds
forming the buckled honeycomb layer and an OB bond linking two
layers. Figure 3b shows our density functional theory (DFT) calculations
(see the ‘Simulations’ section in Methods) of HD Raman vibration fre-
quencies as a function of OB bond length. For OB at 1.44 A, the three
observed Raman peaks, 1,321, 1,529 and 1,249 cm™ corresponding to
E,, A,;and E,, Raman active modes, respectively, match well with the
AC-HRTEM resultin Fig. 3d. The A;, Raman active mode corresponds
tothestretchingmode of OB=1.44 A, whereas E,andE,;Ramanactive
modes are attributed to the stretching mode of OA =1.58 A. As abulk
sample probe, optical Raman spectroscopic results are consistent with
the OA/OB two-bond-length model and also indicate that the sample
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Fig.4|Puresp’bonding state and the excellent mechanical properties of
bulkHD. a, EELS spectraof carbon k-edge from HD, diamond and graphite.
b, X-ray Raman spectraonrecovered HD samples with ab and c orientation.
Allresultsindicate 100% sp*bondinginthe HD. ¢, Vickers hardness tests of HD
alongtwo directions with differentload (N) up to 8.8 N. Inset, schematic of the

consists of only HD. Furthermore, we conducted a classic Rietveld
analysis of the ‘power diffraction pattern’ from integrating XRD with
as much orientation as possible from arecovered bulk HD sample, in
which the two distinct bond lengths characteristic of the HD structure
was confirmed (Extended Data Fig. 7).

Pure sp® confirmation with EELS and XRS

Graphite-to-diamond (or HD) transitionis a change of carbon bonding
from sp? mbonds to sp* o bonds, which can be diagnosed by EELS or
XRS. We conducted EELS measurements during our TEM studies of HD
and observed complete transition to sp> o bonds (Fig. 4aand Extended
Data Figs. 8 and 9). However, EELS does not have penetration power
and we conduct XRS, the energy loss spectroscopy using high-energy
X-rays as the excitation source, to study the interior of the bulk sample?.
Nombond contribution was detected (Fig.4b), meaning that all of the
graphite sp? mbonds have completely transformed to sp® o bonds in
the recovered HD sample.

Microhardness test on alarge-volume press sample

With the confirmed synthesis of HD in the DAC, we proceeded to inves-
tigate the hardness of HD that required larger samples than DAC could
produce. A 1-mm-diameter HD disk was synthesized from hexago-
nal graphite crystal at 20.0 GPa and 1,800 °C in a large-volume press.
The details of sample preparation and hardness test are described in

hardness test positions on the sample and the C-Cbond lengthsin these two
orientationsarealso labelled. The HD [1010] direction is parallel to the c-axis of
the pristine graphite disk. Green symbolsindicate indenting perpendicular to
the HD c-axis. a.u., arbitrary units.

Methods. The Vickers hardness measurements in two orientations
areillustrated in the inset of Fig. 4c. Up to the maximumload of 8.8 N,
the Vickers hardness-load curves of measurements parallel and per-
pendicular to the c-axis of the original graphite reached the same
value of 110 GPa, which are consistent with that of natural diamond
(110 GPa) on the D (110) surface®. The bulk HD consists of intergrowth
of 100-nm-sized crystallites with minor stacking defects of cubic dia-
monds. Because hardness is defined by the weakest component of the
bulk specimen, the observed hardness of the bulkindicates that HD has
hardness greater than or equal to cubic diamond. Further improve-
ments to eliminate minor diamond components will give a definitive
answer to the HD hardness.

Insummary, with optimized pressure and temperature synthesis con-
ditions, we have successfully synthesized alarge, uniform HD sample
fromsingle-crystal graphite precursor. High-energy synchrotron XRD
studies confirm that the bulk HD crystals follow astrict crystallographic
orientation relationship to the original graphite crystal. The complete
conversion of graphite sp>mtbonds to HD sp® o bonds is confirmed by
XRS studies of the bulk sample with hard X-ray and by EELS studies at
the atomic scale with electron microscopy. HRTEM and SAD studies
confirmthe same crystallographic orientation relationship as observed
by XRD on the bulk sample and show the atomic-resolution, nominally
homogeneous 2H stacking sequence in triple-twinned configuration
with domainsize around 100 nm. The UV Raman spectrum, HRTEM and
DFTsimulationall disclose the two-bond-length character of HD. Our
results unambiguously demonstrate the existence of HD asabonafide
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phase of carbon with superior hardness like cubic diamond and has the
optimal buckled honeycomb layered structure comprising distorted
sp’tetrahedron units with regular1.58 A intralayer bond and shortened
1.50 Ainterlayer bond that strengthens the linkage between layers rela-
tive to the cubicdiamond structure. Notably, thisis just the beginning;
HD as a hexagonal variant of cubic diamond has been predicted with
many extremely favourable mechanical, electrical, thermal and opti-
cal properties comparable with and complementary to diamond. HD
presents great opportunities for exploration in the P-T conditions of
synthesis, dopants in the precursor graphite and nanocrystallinity to
optimize the desirable specific features and to engineer the ideal sp?
carbon allotrope.
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Methods

Importance and controversies of the bulk HD sample

Since the discovery of lonsdaleite using XRD half a century ago, the
transformation path from graphite to HD and the crystal structure and
microstructure of HD have been stimulating great interest. Especially
inthe past decade, two advanced technologies have been used to fur-
ther characterize this phase in more detail, namely, high-resolution
electron microscopy, including HRTEM and EELS, integrated with XRD
and optical Raman spectroscopy and so on on the atomic-scale micro-
structures of ostensibly quenched HD samples at ambient conditions
andtime-resolved XRD measurement on the phase transition dynam-
ics during the shock-wave high P-Timpact process. Several groups
have re-examined the microstructure of HD from various sources of
meteorites and shock-compressed materials and found that these
samples actually contain awide variety of complex carbon nanostruc-
tures, except real HD. The observations of highly dense planar defects
including stacking fault and twinning, intergrowth of atomic layer
cubic diamond and graphite and no more than a few layers of HD pre-
sent in other complex carbon phases lead to question of whether HD
is a discrete material”**3!, On the other hand, the recent develop-
mentsinadvanced synchrotron techniques allow scientiststo observe
the dynamic process duringthe phase transitioninashock-compression
experiment. A series of researchworks at the Advanced Photon Source
shows that a highly oriented pyrolytic graphite shock-compressed
along the c-axis to 50 GPa transforms to highly oriented elastic-
ally strained HD with its (1010) plane parallel to the graphite basal
plane®'¢*2 This certainly represents a notable scoring in support of
shock-produced HD but still falls short of establishing HD as a bona
fide bulk material because the only data were collected at high P-T
shock conditions. Without the quenched sample and its TEM data, the
validityis still subject to alternative interpretation as mixtures of these
two polytype structures.

These recent works, however, have also revealed three very impor-
tant tips. First, the highly stressful shock-wave impact processes pro-
duced by nature or in laboratories tend to generate a wide variety of
complex carbon nanostructures but are unlikely to produce a uniform
bulk HD. Such a high-stress process must be avoided in the quest for
HD. Second, for understanding the transition mechanism, it is effec-
tive to monitor the crystallographic change using XRD the synthesis
process fromthe precursor material through the transition to the final
product. Third, the final HD product must be verified with the full suite
of advanced microstructure diagnostic tools to confirm HD against
othernanostructured carbon. Our study takes anew approach to syn-
thesize bulk HD sample under hydrostatic P-T conditions, watch the
epitaxial crystallographic evolution during compression with in situ
single-crystal XRD measurement and recover it at ambient conditions
for further stringent TEM, XRD and Raman diagnoses, thus provid-
ing a critical test for the controversy. Furthermore, we synthesized
millimetre-sized bulk HD pure phase with a large-volume multi-anvil
press for mechanical testing and confirmed its superhardness like that
of cubic diamond, predicted from theoretical modelling but which
has never been tested.

Sample preparation and synchrotron characterization

A high-quality HD has been synthesized under high pressure and
temperature in a DAC. The pristine material is a 60 pm (diame-
ter) x 20 pm (height) disk cut from a millimetre-sized single-crystal
graphite by using a micro-laser drilling system?®. Then, it was loaded
into a100-pm-diameter rhenium gasket chamber in a laser heating
DAC. Pressure was monitored by the ruby fluorescence method. When
the applied pressure was greater than 20.0 GPa, and the sample was
heated to more than1,400 °Cwitha YAGlaser, the black graphite turned
transparent. On cooling and decompression to ambient conditions,
this transparent sample can be recovered.

Insitusingle-crystal XRD observation of the epitaxial
crystallographic evolution under compression

Previously reported lonsdaleite samples from various sources of mete-
orites and shock-compressed processes show rather complex micro-
structure and mixture of multiphases. We deduced that differential
stress during shock compression is the main cause for the formation
of complex nanostructures. To minimize the environmental stress and
intrinsic stress from polycrystalline graphite aggregate, we started the
DAC experiment with a well-shaped single-crystal graphite sample in
hydrostatic neon pressure medium. We were able to keep the starting
graphite and final HD in single-crystal-like quality and monitor the
crystal orientation evolution by synchrotron XRD during the compres-
sion, heating and transformation to HD.

Asshown in Extended DataFig.1, at13.2 GPa, the graphite (1100) and
(1210) peaks maintain good single-crystal diffraction sharpness and
ratio of d-spacing at exact -/3, which indicate that the sample isin the
graphite phase. Before transferring to the HD phase at 20.0 GPa, we
witnessed the emergence and growth of the epitaxial HD (0002) and
(2110) peaks with consumption of graphite (1100) and (1210) peaks.
The new peaks with d-spacings 2.061 A and 1.223 A form completely at
20.0 GPa and the ratio of d-spacing clearly deviate from the strict /3
rule, meaning that graphite symmetry is broken.

On laser heating to 1,400 °C at 20.0 GPa, we were able to preserve
the HD phase to ambient conditions. With the ostensible nature of
single-crystal-like HD, we conducted XRD with the X-ray beam along
and perpendicular to the c-axis of pristine graphite single crystal. The
integrated XRD patterns show an outstanding and well-separated
2.175 A peak, the characteristic diffraction from HD (0110) d-spacing
(Extended Data Fig. 2). Comparing a weak shoulder from previous
reports® on the samples with dense planar defects, our most intense
(0110) peak indicates a well-preserved long-range ordering along the
HD (0110) crystallographic plane.

By rotating the recovered specimen, aseries of diffraction spots was
observed and the corresponding d-values are listed in Extended Data
Table1. Comparison with previous reports from Yagi et al." and Bundy
and Kasper'? shows good consistency with their results.

TEM observation

To prepare the TEM sample, we first retrieved the HD from high P-T
treatments and transferred the sample from the DAC chamber to a
clean marble mortar with a tiny pin. Then, we crushed the recovered
sample into powder by using the marble mortar and pestle. Finally,
we dispersed the crushed powder onto a holey carbon grid. We also
used the FIB techniqueto prepare plane-view and cross-sectional TEM
specimens.

X-ray and UV Raman measurements

X-Ray Ramanwas performed with asilicon (555) analyser crystal aligned
toreceive the inelastic scattering intensity from the sample. The (555) Si
crystalwassettoreflect10.175-keV X-rays and the incidentbeam energy
was tuned from10.165 keV t010.215 keV with energy step size 0.1 eV. UV
Raman experiments on the quenched samples from high P-T experi-
ments were conducted using a Renishaw inVia Raman microscope
witha325-nmHeCd laser. This UV laser minimized the interference of
fluorescence in Raman measurements. A low-power laser was used in
the measurements to avoid any damage to the samples.

Simulations

Tostudy the stability and vibration frequency of the proposed structure
model, we carried out DFT calculations with plane-wave basis sets as
implementedinthe VASP code®**. All calculations were spin-polarized
and carried out by using the gradient-corrected exchange-correlation
functional of Perdew, Burke and Ernzerhof under the projector aug-
mented wave (PAW) method with plane-wave basis sets up to akinetic
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energy cut-off of 500 eV. The PAW method was used to represent the
interaction between the core and valence electrons. The Kohn-Sham
valence states (thatis, 2s 2p for C) are expanded in plane-wave basis sets.
For the geometry optimization calculations, the convergence criterion
of the total energy was set tobe within1x 10 eV of thegamma8 x 8 x 8
k-point grid and all of the atoms and geometries were optimized until
the residual forces became less than 1x 107 eV A%, For the frequency
calculations, the phonon values are obtained on the basis of density
functional perturbation theory to compute the Hessian matrix. The
Raman frequencies in Fig. 3b were obtained with separate DFT calcu-
lations with various OA and OB bond lengths while maintaining the
hexagonal unit cell parameters and symmetry.

The molecular dynamics simulations were performed using a
semi-empirical long-range carbonbond-order potential to model the
interatomicinteractions. The system simulatedisan 8 x 8 x 8 supercell
of the unit cell and consists of 2,048 atoms. The anisotropic pressure
isapplied usingaNosé-Hoover barostat and the temperature is equili-
brated using aNosé-Hoover thermostat. All equilibration simulations
were performed for at least 2 ns.

Microstructure of triple-twinned domains

The SAD pattern of the recovered specimen fromalarge area (1umin
diameter) shows an ostensible sixfold symmetry with ad-value of 2.08 A
(Extended DataFig.3a). Extended Data Fig. 3b-d are convergent elec-
trondiffraction patterns from different sets of triple-twinned domains.
Diffraction contrastimage analysis further confirms the triple-twinned
HD microstructure with domain size around 100 nm (Extended Data
Fig.3e). Dark-fieldimages (Extended Data Fig. 3f-h) using diffraction
spots1,2and 3 marked in Extended Data Fig. 3a show the existence of
three variants. HRTEM images across the interface of twinned domains
and their fast Fourier transforms (FFTs) show clear single domain and
intergrowth of twinned domains (Extended Data Fig. 3i-n).

Three-dimensional crystallographic symmetry with tilt series of
electron diffraction and HRTEM
Tiltseries of electron diffraction patterns allow us to confirm the crys-
tallographic symmetry to distinguish HD from cubic diamond. As
shown in Extended Data Fig. 4, we constructed the zone diffraction
patterns and further confirmed that the phaseisaHD fromreciprocal
space. Starting with sample along the [1010] zone axis, tilting the sam-
ple30°along (0002) results in the diffraction spots reaching the [2110]
zone axis. This is strong evidence for HD instead of cubic diamond.
The HD [1010] diffraction pattern alone can also be interpreted as either
HD [1010] or cubic diamond <112>, but the cubic diamond would reach
asixfold symmetry diffraction pattern by tilting either +19° or -19°
along the (1210) diffraction spot, whichis ruled out in the present test.
In Extended Data Fig. 5, both real-space atomic-resolution HRTEM
images (Extended Data Fig. 5a-c) and corresponding SAD patterns
(Extended Data Fig. 5d-f) from three main zone axes [0001], [2110]
and [1010] are presented and the simulated electron diffraction pat-
terns (Extended Data Fig. 5g-i) show great agreement with the exper-
imental observations.

Direct bond length detection from HRTEM image

Using the Laplacian of Gaussian blob detection algorithm implemented
in the scikit-image package (https://scikit-image.org/docs/0.25.x/
auto_examples/features_detection/plot_blob.html), we identified car-
bon atomic columns (Extended Data Fig. 6) from the HRTEM image
presentedin Fig.3c. The d-spacings of the (0110) plane and the (0002)
plane were extracted to validate the calculation. The d-spacings of the
(0110) plane was found to be 2.175 + 0.063 A, averaged from the dis-
tances between 36 atom pairs. The d-spacing of the (0002) plane was
found tobe 2.080 + 0.030 A, averaged from the distances between 32
atom pairs. Both values agree very well with XRD measurements, which
assures the accuracy of bond length measurement from the direct

HRTEM. With that, the length of the longer (blue) bond was found to
be1.58+0.05 A, averaged from the distances between 18 atom pairs.
The length of the shorter (red) bond was found to be 1.50 + 0.08 A,
averaged from the distances between 20 atom pairs. The statistics
show a clear difference in bond length along the [0, 8,8, 3] and [0001]
directions.

The bond angles were also calculated in the same area. The bond
angles were found to be 111.8 +2.9°, 112.3 + 4.1°, 115.1 £ 2.1° and
109.1£2.2°, respectively, for the angle between thered-green-yellow,
green-yellow-blue, yellow-blue-red and blue-red-greenatoms. The
average bond angleis112.1+2.8°.

Asper the above statistical analysis, the bond angle shows relatively
large statistical errors (several degrees), but the bond length shows a
good measurement uncertainty (less than 10 pm).

EELS to exclude diamond/graphite composite

EELS spectroscopy provides key information on the bond charac-
ter to distinguish diamond (pure o bond) and graphite (both o and
1t bonds). Samples subjected for the EELS study are HD samples pre-
pared by FIB, cubic diamond powders with average grain size of about
1um, crushed highly oriented pyrolytic graphite samples and glassy
carbon without amorphous carbon. The default power-law profile
was used for the background-subtraction model and we extend the
background-subtraction window to 283 eV to reveal any intensity
more clearlyinthe pre-edge region. Extended DataFig. 6 shows carbon
K-edge EELS spectra with/without background subtraction for HD and
cubicdiamond, to show the quality of the background subtraction. The
EELS spectra are enlarged in the intensity axis to show the pre-edge
structure indicated by the yellow arrows. Thereis aslightly noticeable
pre-peakinthe HD sample compared with the cubic diamond sample.
Glassy carboninstead of highly oriented pyrolytic graphite is used as
thestandard to calculate the sp?*/sp®ratio using the method described
inref. 36. The estimated sp?/sp®ratio is 3.04(x0.56)%. Because HRTEM
images of our HD sample taken from different orientations and dif-
ferent areas with different focus conditions did not show anoticeable
0.33-nm graphitic lattice, we attribute the pre-peak (corresponding
to about 3% sp?/sp®) to the surface amorphous carbon damaged from
FIB TEM sample preparation.

Also, we estimated the EELS spectra of diamond/graphite compos-
ite by simply summing the EELS spectra of graphite (or amorphous
carbon from holey carbon TEM grids) and diamond. Extended Data
Fig. 9 shows these spectra using different percentages of graphite
(or amorphous carbon). When the percentage is 1% (Extended Data
Fig. 9), almost no noticeable pre-peak is observed. A small pre-peak
becomes noticeable when the percentage is 3% (Extended Data Fig. 9).
When the percentage is 5%, both pre-peaks are clearly noticeable.
By overlaying the hex-diamond EELS (Extended Data Fig. 8a) on the
sum spectra and EELS spectrain Extended Data Fig. 9, the estimated
sp’/sp?is around 3%.

In conclusion, EELS observations exclude the diamond/graphite
composite model in our synthesized samples from the 20.0 GPa and
1,400 °C conditions.

Preparation and Vickers hardness measurements of large-size
HD samples

Large-size samples (about 1 mmin diameter and approximately 70 pm
inthickness) were synthesized with a high-pressure multi-anvil appa-
ratus by applying 20.0 GPa pressure and 1,800 °C temperature for
20 min. The COMPRES 8/3 assembly used in experiments consists of
MgAl, O, + MgO octahedron (pressure medium), arheniumheateranda
LaCrO;thermalinsulator. To reduce the deformation of samples during
compression, the graphite disk was surrounded by cubic boron nitride
powder. Pressure was calibrated at room temperature based on the
phase transition of pressure-standard materials of GaAs (18.3 GPa) and
GaP (23.0 GPa). Temperatures were monitored with a Wy,Re;-W,sRe
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thermocouple. The recovered samples were checked by XRD to confirm
the bulk HD phase. The hardness tests were conducted on the polished
surfaces with amicro-Vickers hardness machine (FM-700, Future-Tech
Corp.). Vickers hardness H, was obtained by using differentloads with a
holding time of 10 s. H, was determined from H, = 1,854.4F/L?,inwhich
F(N) is the applied load and L (um) is the arithmetic mean of the two
diagonals of the Vickers indentation.
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Extended DataFig.1|XRDimages of hexagonal graphite at different
pressures before and after transition. a, 13.2 GPa.b, 20.0 GPa. Theincident
X-ray beam s parallel to the c-axis of pristine graphite. The graphite (1010) and
(1120) diffraction spots at 13.2 GPa and the corresponding spots appearing
at20.0 GPaarelabelled by orange and green circlesinaandb, respectively.
c-j, Evolution of the (1120) and (1010) diffraction spots under pressures between

13.2 GPaand 20.0 GPa. A fuzzy peak epitaxy to the graphite (1010) peak witha
smaller d-spacing appears and grows at the expense of graphite (1010) from
14.9 GPa, whereas a similar evolution can be seen from the graphite (1120) peak
butwithalarger d-spacing from17.4 GPa. At20.0 GPa, both graphite (1010) and
(1120) peaks disappear and the new peaks with d-spacings of 2.061 Aand 1.223 A
form completely.



Extended DataFig.2|Theintegrated XRD patterns fromtherecovered HD *is from the glue for fixing the sample on the holder. In these two patterns,
sample withincident X-ray beam along (blue) and perpendicular to (black) 2.175 Aand 2.080 A diffraction peaks have the most intensity and separate well,
the c-axis of starting graphite crystal. The weak diffraction ring marked with which canbe assigned to HD (0110) and (0002) diffraction peaks unequivocally.
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Extended DataFig. 3| TEM study of the microstructurein triple twinned HD
domains. a, SAD patternusingalarge, selected-areaaperture.b-d, Convergent
electrondiffraction patterns showing three sets of diffraction patterns from
eachset of triple-twinned domain. Each variant has a twofold [1010] diffraction
patternseparated by 120°. e, Bright-field TEM image showing triple-twinned
microstructureinour high P-Tsynthesized HD. f-h, Dark-field images using
diffractionspots1,2and 3 markedinashow that there exist three variants.
HRTEMimagesacross the interface of twinned domains.i, Alarge-areaHRTEM

image encompassing all three twin domains. The corresponding FFT pattern (I)
exhibits pseudo-hexagonal symmetry withalattice spacing of 2.08 A, consistent
withthe XRD datashowninFig.1d.j, AnHRTEMimage of asingle domain
(areal)along the [1010] zone axis. The corresponding FFT pattern (m) reveals
orthorhombic symmetry.k, AnHRTEM image of the overlapping region of
three twinned domains (area 2), showing pseudo-hexagonal symmetry with a
lattice spacing of 2.08 A, as shown in the FFT pattern (n).
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Extended DataFig. 4| Tilt series of electron diffraction patternsfrom
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spotstoreach the [2110] zone axis, indicating in-plane sixfold symmetry.
The[0001] zone axis diffraction was taken from a differently oriented grain.
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measured from experiments, as shownin the figure, match those from
simulated diffraction patterns.
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and simulated electron diffraction patterns (g-i) from three main zone axes [0001], [2110] and [1010], respectively.
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Extended DataFig. 6 | Statistical analysis of bond length and bond angle
from the HRTEM along the [2110] zone axis. A shorter (red) bond length
1.50 +0.08 Aalong the (0001) direction and alonger (blue) bond length
1.58 +0.05 Aalongthe [0, 8, 8, 3] direction was retrieved from 20 pairs and
18 pairs C-C distance, respectively, using the Laplacian of Gaussian blob
detectionalgorithmimplemented in the scikit-image package. Arelatively
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larger bond angle distribution with an average of112.1+2.8° was obtained.

To verify the accuracy of atomic position identification, the d-spacing values of
the (0110) and (0001) planes (labelled with yellow dashed lines) were analysed
tobe2.175+0.063 Aand 2.080+ 0.030 A, averaged from the distances between
36 and 32 atom pairs, respectively, which match the d-spacing values from XRD
measurement very well.
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Extended DataFig.7|Rietveld refinement on theintegrated XRD patternfrom arecovered HD sample with lattice constantsa=b=2.5182Aand c=4.1780A.
Theright panel presents the atom arrangement with two sets of bond length (1.5103 Aand 1.5649 A) and two sets of bond angle (107.132° and 111.715°).



Extended DataFig.8|EELS spectrafrom HD and cubic diamond. A very small
pre-peakindicated by the yellow arrowinthe HD EELS spectracanbe seen. The
estimated sp?/sp’is around 3%, resulting from the amorphous surface layer owing
to FIBsample preparation.
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Extended DataFig.9|EELS spectrafromthe mixture of different polytypes
of carbon. a, EELS spectrasummed from diamond and graphite with different
percentages. b, EELS spectrasummed from diamond and amorphous carbon
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Extended Data Table 1| Comparison of lattice constants with
previous reports from Yagi et al." and Bundy and Kasper™
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	High P–T synthesis with in situ XRD probe

	Atomistic characterization with HRTEM

	Bond length probe through Raman spectroscopy

	Direct observation of two bond lengths

	Pure sp3 confirmation with EELS and XRS
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