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Studies of dense carbon materials formed by bolide impacts or produced by laboratory
compression provide key information on the high-pressure behavior of carbon and for
identifying and designing unique structures for technological applications. However, a
major obstacle to studying and designing these materials is an incomplete understand-
ing of their fundamental structures. Here, we report the remarkable structural diversity
of cubic/ hexagonally (ch) stacked dlamond and their association with diamond-graphite
nanocomposites containing sp>-/sp’-bonding patterns, i.e., diaphites, from hard carbon
materials formed by shock impact of graphite in the Canyon Diablo iron meteorite. We
show evidence for a range of intergrowth types and nanostructures containing unusually
short (0.31 nm) graphene spacings and demonstrate that previously neglected or misin-
terpreted Raman bands can be associated with diaphite structures. Our study provides a
structural understanding of the material known as lonsdaleite, previously described as
hexagonal diamond, and extends this understanding to other natural and synthetic ultra-
hard carbon phases. The unique three-dimensional carbon architectures encountered in
shock-formed samples can place constraints on the pressure—temperature conditions
experienced during an impact and provide exceptional opportunities to engineer the
properties of carbon nanocomposite materials and phase assemblages.

shock-formed carbon | diaphite | cubic/hexagonally stacked diamond | ultrahard material

The variable bonding nature of carbon—carbon bonds gives rise to materials with widely
different properties ranging from semimetallic graphite to the Wlde bandgap insulator dia-
mond. Diamond is the hardest known material formed by sp>-bonded layers arranged in
a cubic stacking arrangement. Another sp>-bonded allotrope with hexagonal layer stacking
was proposed based on additional broad diffraction features reported from samples pre-
pared by static and dynamic compression of graphite (1, 2). Analogous patterns were also
observed from hard carbon materials extracted from the Canyon Diablo iron and Goal-
para urelhte meteorites (3) and assigned to lonsdaleite (4). This name is also applied to
the sp>-bonded structure type with hexagonal layer stacking; this conflation in nomencla-
ture has resulted in some confusion that must be resolved for a complete understanding
of the mineral phase and its material properties. The occurrence of lonsdaleite was used as
an indicator of asteroidal impacts (5-7), while experimental and theoretical investigations
have indicated it to be superhard and possess other attractive properties that can be com-
petitive with or even superior to those of diamond (8). It is now recognized that these
materials can contam an intimate mixture of cubic and hexagonal nanostructured units,
along with sp>-bonded domains, that can lead to tunability of the mechanical and other
properties of the nanocomposite structures and modify the interpretation of their forma-
tion conditions in natural impact environments (9, 10).

The identification of lonsdaleite in hard carbon-type materials was based on X-ray dif-
fraction (XRD) patterns that show reflections from cubic diamond and broad and poorly
resolved maxima at 0.218, 0.193, 0.151, and 0.116 nm that were indexed using a hexag-
onal unit cell (3, 4). The XRD results were later complemented by transmission electron
microscopy (TEM) and electron diffraction results, and by Raman spectroscopic data,
leading to the widely accepted conclusion that 1) the pure hexagonal diamond structure
had been identified and 2) it was present among natural and synthetic samples (5, 11).
However, the recent use of advanced TEM techniques, Wthh achleve atomic-level reso-
lution of the nanostructures, revealed a wide range of sp” and sp” structures that are
bonded together forming a variety of nanocomposite materials (9, 10).

Recent structural studies indicate that lonsdaleite from the Canyon Diablo iron
meteorite and other meteoritic samples can be described in terms of faulted and
twinned domains of cubic diamond, rather than a discrete phase or structure (12, 13).
Salzmann et al. (14) applied the MCDIFFaX technique to quantitatively analyze the
XRD profiles of natural and laboratory-produced diamond samples in terms of ordered
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Significance

Diamond is the hardest material
found in nature. Its applications
range from abrasives and
electronics to nanomedicine and
laser technology. The common
form of diamond is cubic. Yet,
dense carbon materials formed by
shock compression have been
described as hexagonal diamond
or lonsdaleite. This study provides
a structural understanding of
lonsdaleite and demonstrates the
existence of bulk materials
containing extensive regions of
nanostructured diamond and
graphene-like intergrowths called
diaphites. The structural
complexities found in Canyon
Diablo iron meteorite diamonds
occur in a wide range of
carbonaceous materials, and their
identification can place constraints
on the pressure-temperature
conditions experienced during an
impact. The predicted advanced
properties of such materials
highlight their potential use in
future engineering applications.
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A cubic / hexagonal stacking disorder

B type 1 diaphite
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Fig. 1. Structures of disorder types in diamond viewed along <011>. (A) Cubic/hexagonal stacking disorder with “c” and “h” denoting cubic and hexagonal
stacking, respectively. (B) Type 1 diaphite in stacking disordered diamond. Note that for simplicity diamond and graphene surfaces are not reconstructed.
The reconstructed interfaces can be found in refs. 9 and 10. The two different types of stacking of the graphene sheets are indicated by “g+" and “g—." A
random stacking sequence is shown in B. (C) Type 2 diaphite in cubic diamond with “dd” and “gg” indicating the stacking of diamond and graphene seg-
ments, respectively. Interfacial stacking boundaries between diamond and graphene are shown as gray lines in B and C.

versus disordered cubic and hexagonal layer stacking arrange-
ments (Fig. 14). The refined stacking probabilities can be plot-
ted on a stackogram that locates the structures within the poles
of a diagram between randomly stacked cubic (¢) to hexagonal
(h) diamond, versus (¢h), and a physical mixture of ¢ and 4 poly-
types. In contrast to recent discussions of hexagonal diamond
structures, the MCDIFFaX analyses indicates that no examples
of the pure lonsdaleite 2H layer stacking structure have been
identified among natural or synthetic samples available to date
(14-16) (SI Appendix, Supplementary Information I).

Recent high-resolution TEM (HRTEM) investigations com-
bined with density functional theory (DFT) structure modeling
of impact- and laboratory-produced carbon shows the presence
of graphitic layers inserted within and coherently bonded at
specific angles to the sp>-bonded matrix (9, 10, 17, 18). These
nanostructures are termed “diaphites,” similar to the diamond-
graphene crystalline layers observed following photoexcitation
at graphite surfaces (19, 20). Although these early papers
reported two-dimensional (2D) structures (19, 20), the descrip-
tion of diaphite was extended to three-dimensional (3D) struc-
tures of crystallographically intergrown diamond-graphene (9, 10,
17, 18). Here we use the word graphene for a few (1 to 10) gra-
phitic layers and graphite for a larger number of layers. In dia-
phites the numbers of graphitic and diamond layers are variable,
and these complex structures are not simple physical mixtures,
but they are characterized by the structurally intergrown layered
sp’- and sp>-bonded carbon domains on the nanoscale and thus
give rise to distinct diffraction features that physical mixtures do
not display (9, 10, 17, 18). Two diaphite structure types have
been recognized: 1) type 1 diaphite in which few-layered sp*-
bonded graphene layers are inserted between {111} surfaces of
diamond (Fig. 1B) and 2) type 2 diaphite in which the graphene
layers are coherently bonded at high angles with the {113} dia-
mond surfaces (Fig. 10). In addition to shock-formed samples
(9, 10, 18), diaphite has also been reported from meteoritic

20of9 https://doi.org/10.1073/pnas.2203672119

nanodiamonds and thosed produced by chemical vapor
deposition  (17). Recently, researchers proposed another
graphene-diamond structure called gradia (21-24), which in
contrast to diaphite lacks a definitive epitaxial relationship. Such
gradia structures have been recognized from static high-pressure
(HP) and high-temperature (HT) compression of graphite (21)
as well as HP and HT treatment of multdwall carbon nanotubes
(25) and fullerenes (26). The mixed hybridized bonding in dia-
phite and gradia structures contributes further to determining
the mechanical and thermal relaxation properties as well as the
structural transformation pathways encountered during compres-
sion and decompression events from initially graphitic to
diamond-related phases, while resulting in unique low-
dimensional electronic conductivity and superconductivity at the
spa/sp2 interface within the otherwise insulating material (9, 10,
17, 24). Such mixed hybridized bonding can also be responsible
for the unique low-dimensional structures of carbon nanothreads
that are being developed as high-strength nanomaterials with tun-
able electronic and chemical properties (24, 27).

In the present work we show that both types of diaphite are
abundant within the hard carbon grains from the Canyon Dia-
blo iron meteorite (S/ Appendix, Table S1 and Fig. S1). These
grains represent the type of material used to establish lonsda-
leite as a mineral (4). We investigate the graphite occurring
both in massive form and as aggregates of particles with cuboid
morphology known as cliftonite (28, 29). Many of the carbon
grains, including those with cuboid morphology, exhibit high
chemical resistance and extreme hardness, leading to their des-
ignation as “diamonds”. Evidence suggests these “diamonds”
formed by shock compression of the initial graphite (30-33).
Using HRTEM and synchrotron microbeam XRD mapping as
well as multiwavelength Raman spectroscopy and mapping, we
reveal the structural complexity of the “diamonds” from the
Canyon Diablo meteorite and extend this understanding to
other carbonaceous materials produced by shock and static
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compression or by deposition from the vapor phase. The recogni-
tion of the sp’/sp” intergrowths within the hard carbon grains
formed by shock compression from graphite places constraints on
the pressure—temperature conditions experienced during the
impact event and may suggest strategies to engineer these carbon
nanocomposite structures with unique and potentally useful
mechanical and electronic properties (9, 10, 24, 26, 34, 35).

Results

Diversity and Complexity of Nanocomposite c/h Stacked
Diamond and Diaphite Structures. From 100 Canyon Diablo
carbon grains, 4 representative (grains 2, 6, 7, and 8) (87
Appendix, Fig. S1 and Table S1) were selected for detailed investi-
gation. Grain 2 is mechanically soft and similar to graphite.

Grains 7 and 8 exhibit extreme hardness akin to diamond,
whereas grain 6 shows mechanical polishing properties intermedi-
ate between grains 2 and 7. The synchrotron microbeam XRD
maps of these grains reveal a diversity of structures on a microme-
ter to submicrometer scale, including mixtures of ¢/4 layer stacking
disordered diamond, graphite, and type 1 and type 2 diaphites
(Fig. 2). These composite structures, confirmed by TEM investi-
gations, are evidenced by the strong diffuse X-ray scattering, which
does not occur for physical mixtures (14). The XRD patterns
from the mechanically soft grain 2 are dominated by graphite,
whereas the patterns from grains 7 and 8 are dominated by sp’-
bonded structures. Grain 6 shows the presence of abundant sp*-
graphitic layered structures. The 2D XRD patterns from grains
6, 7, and 8 show diffuse and continuous rings, indicating their
nanocrystalline nature (Fig. 2A4). Four main diffraction rings,
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Fig. 2. Synchrotron XRD data (. = 0.03738 nm) of heterogeneous structures within Canyon Diablo hard carbon grains. (A) Selected 2D XRD patterns obtained
from 2-uym?-areas and (B) their corresponding one-dimensional intensity profiles. These profiles display variability between fully sp>-bonded and sp>-bonded
structures. Red circles in A mark hexagonally arranged features. Black arrows on patterns 54 and 55 mark the 0.31-nm d-spacing arising from compressed gra-
phene layers of type 2 diaphite. The asymmetric and broad peaks indicate stacking disordered diamond and intimately intergrown diaphite structures. The simu-
lated patterns using c/h stacking disorder, type 1 (®. = @, = 0.4, Oy = Pgg = 0.2, By, = P, = 0.4) and type 2 diaphite (®gg = 0.9, @y = 0.0053, & = 0.1) are
shown in green, blue, and pink, respectively. The cubicities, @, for the c/h stacking disordered samples are noted in the figure together with the /g4 peak inten-
sity ratios [lgg = lsp2/(lsp2 + Isp3)]. The asterisk indicates an impurity peak. (C) Color-coded XRD maps (Right) corresponding to heterogeneous structures of selected
grains (a pixel covers a 2-um? area). The Igq ratios are reported in S/ Appendix, Table S2. Regions with intensity ratios >0.01 are marked as diaphite (pink).
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centered at ~7°, ~12°, ~17.5°, and ~20° 20 (A = 0.03738 nm)
can be recognized, corresponding to 0.334- (reduced to 0.31 nm
in some areas), 0.21-, 0.125-, and 0.105-nm spacings. The first
ring, which is characteristic for graphite and is also expected
for diaphite nanostructures, is absent from some areas of grains
7 and 8. The diffraction rings are broad with the highest intensity
circles extending across several pixels. Most XRD patterns from
grains 7 and 8 show asymmetric splitting and exceptional width
for the second ring centered at ~12° 26 (d spacing of ~0.21 nm),
corresponding to the (111) planes of diamond, and the intensity
distribution around the rings show quasi-sixfold symmetry (Fig.
24). Integrating the intensity of the wide rings from the 2D pat-
terns gives broad and asymmetric XRD peaks (Fig. 2B). This
asymmetry and diffuse scattering are particularly apparent for
the peak centered at ~12° 26 consistent with stacking disordered
¢/h diamond (14-16). The cubicity indices [switching probability
calculated according to @ = @y, /(Pp,. + Pgy)] of three samples
from grains 7 and 8 are in the 0.5752 to 0.6308 range (Fig. 2B),
which indicates substantial hexagonal diamond stacking.

Several patterns show an intense sharp peak near 6.5° 20
(d spacing of 0.34 nm), corresponding to graphite or multilay-
ered graphene units, which likely arise from type 1 diaphite (9).
In cases for which the diffraction pattern is dominated by stack-
ing disordered ¢/b diamond, a broadened feature is also present at
slightly higher 20 values, corresponding to graphitic structures
with a smaller interlayer spacing. These features indicate the pres-
ence of type 2 diaphite in which the graphitic layers are coher-
ently bonded at high angles within the surrounding ¢// stacking
disordered diamond (9, 10). For several patterns, this broad peak
is positioned at 0.31 nm instead of 0.334 nm, which is consistent
with the occurrence of type 2 diaphite in which the interlayer
spacings are compressed by the necessity of coherent bonding
between the edges of the graphene layers and the {113} diamond
surfaces (9, 10). The broadness of the peak is likely to be due to a
slight variation in interlayer spacing for the graphene layers
depending on the size of the graphene/diamond domains, a fea-
ture also observed in our computational models. Such interlayer
spacings have been reported from the quenched material obtained
following HP-HT treatment of graphite (21) and fullerenes (26).

The diversity of possible structures and resulting diffraction
data represent a challenge for quantifying the XRD patterns. Due
to the identical direction of stacking, ¢// stacking disorder can be
combined with type 1 diaphite structures in DIFFaX, allowing
modeling of nanocomposite structures containing ¢/4 sp>-bonded
stacking and few- to multilayered graphene units as found in type
1 diaphite (9). However, for type 2 diaphite the direction of
stacking differs between the two structural motifs, and hence it
was only possible to interlace cubic diamond with graphene seg-
ments, as explained in S/ Appendix, Supplementary Information 2
and Fig. S2. Simulated diffraction patterns representing the three
types of structural disorder are shown in Fig. 2B along with the
experimental data.

In order to obtain an estimate of the sp®/sp® carbon content
across the samples and averaged over their depth profiles, we
calculated the /g intensity ratios of the diffraction features at
~6° and 10° 20 (Fig. 2B and SI Appendix, Table S2). This sim-
plified quantification demonstrates that in addition to the
diversity of ¢/ stacked diamond and diaphite nanostructures
significant spatial variability of the sp’/sp® carbon content
occurs within our samples (Fig. 20).

Intergrowth among c/h Stacked Diamond and Type 1 and Type
2 Diaphite Nanostructural Units. Focused ion beam (FIB)
lamellae reveal the atomic-scale structure of the mechanically
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soft (grain 2), intermediate (grain 6), and ultrahard (grain 7)
samples. Consistent with our XRD results, the TEM investiga-
tions show that grain 2 is dominated by 100- to 500-nm-wide
bundles of relatively well-ordered 3R graphite (SI Appendix,
Fig. $3). Such bundles with similar sizes are also locally present
in grains 6 and 7 (Fig. 3), but their structures are more com-
plex. The HRTEM images of grain 6 show type 1 diaphite
within domains dominated by poorly ordered 3R-stacked
graphite (Fig. 3A4). This composite structure is characterized by
the intergrowth of <011> projected diamond and <01-10>
projected graphite (Figs. 3B and C and 44-C). The diamond
units are small (~1 to 2 nm) and distributed throughout the
graphite (Fig. 3C). The lateral terminations of the diamond
and graphite units give rise to type 2 diaphite (Fig. 4B and O).
According to DFT calculations (9, 10), this structure should
contain compressed graphene (0.31 nm) layers at the interface
along <110> diamond projection. However, the thickness of
the FIB sample (~50 nm) and the superposition of overlapping
structures make the 0.31-nm spacing measurement unreliable
at the interface from the experimental HRTEM images (Fig.
4B); only regular graphene spacings (~0.34 nm) can be reliably
determined. TEM investigation of the hard carbon grain 7,
which is covered by a 50- to 100-nm-thick graphitic coating
(ST Appendix, Fig. S4), exemplifies the nanoscale complexity
of the disordered diamond and diaphite intergrowths. Low-
magnification TEM imaging reveals an ~100-nm feathery texture
(Fig. 3D), which could be associated with previous graphitic layer-
ing arranged into bundles, similar to those found in grain 6 (Fig.
34). The HRTEM images reveal the complexity of {111} stack-
ing faults (Fig. 3E), reported previously in ref. 12, as well as their
intrinsic association with type 1 diaphite (Fig. 3F). These images
and the continuous streaking of 111 diamond reflections on the
fast Fourier transforms (FFTs) indicate that regions of ordered
diamond and diaphite are below the nanometer scale.

The texture of the hard carbon was also studied by rotating
grain 7 by 90°, i.e., in an approximately <121> diamond ori-
entation (Fig. 3G). The bundle texture, i.e., the ~100- to
300-nm-thick layering, appears on dark-field images taken by
selecting graphite- and diamond-type diffraction features (57
Appendix, Fig. S5) but is absent on the bright-field images (Fig.
3G). Although the selected-area electron diffraction (SAED)
pattern shows continuous rings, the intensity distribution
around the 111 diamond spots reveals a quasi-sixfold symmetry
(Fig. 3G). The HRTEM images reveal 5-to-10-nm-sized
regions exhibiting hexagonal fringes with a 0.21-nm spacing
(Figs. 3H and 4D and E and SI Appendix, Fig. S0A). We attri-
bute this sixfold symmetry to type 2 diaphite (9, 10, 17). Since
such regions are nanosized (9, 17), the interface of type 2 dia-
phite, i.e., <121> diamond and <0001> graphite units, is
only visible for vertically aligned structures (Fig. 4D-F). How-
ever, for vertically misaligned structures the identification of
these unit in the 50- to 60-nm-thick FIB lamella is challeng-
ing. Regions displaying distorted 12-fold rotational symmetry
also occur (S Appendix, Fig. S6B), which can be associated
with the rotation of stacked graphene units in type 2 diaphite
nanostructures (17).

The regions displaying quasi-sixfold symmetry are continu-
ous with fringes displaying 0.320- to 0.334-nm spacings (Figs.
3H and 4 G-I and SI Appendix, Fig. S7). The 0.320-nm spac-
ing, observed also in our XRD data (Fig. 2B), is consistent with
the compressed graphene layers occurring within type 2 dia-
phite in its side view (<110> diamond and <01-10> graphite)
projection (Fig. 31). The slightly larger d-spacing (0.320 nm)
measured experimentally compared to the DFT-based structure

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203672119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203672119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203672119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203672119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203672119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203672119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203672119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203672119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203672119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203672119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203672119/-/DCSupplemental

[(0110]g.

T

Fig. 3. Diaphite structures from Canyon Diablo hard carbon grains. (A) Bright-field TEM (BFTEM) image and SAED pattern from grain 6. White circles mark
00l graphite reflections. (B) HRTEM image and its FFT taken from the circled area B in A showing type 1 diaphite. Black circles mark diamond and white
arrows point to 3R graphite reflections. The FFT resembles the diffraction features and the crystallographic relationship that was published in refs. 9 and 49.
(C) Amplitude image calculated from the 003 set of 3R graphite reflections from the FFT. Black areas indicate diamond-rich regions within type 1 diaphite.
(D) BFTEM image of the FIB lamella 7a and its SAED pattern. White circles mark diamond and white arrows point to graphite 00l reflections, respectively.
SEM image of grain 7 and the orientations of the two perpendicular FIB lamella (7a and 7b) are inserted. (F) Abundant {111} stacking faults (white arrows).
(F) {111} stacking faults intimately intergrown with type 1 diaphite from thick (~50 nm) areas give rise to complexity and streaking of diffraction spots (white
arrows). (G) BFTEM image of the FIB lamella 7b. (H) Hexagonal features and shortened graphene spacings (S/ Appendix, Fig. S7) indicating intergrowth
between two projections of type 2 diaphite. (/) FFTs of selected regions in H and the structure models of type 2 diaphite. White arrows point to hexagonally
arranged reflections for 1. Black circles and arrows for 1 and 2 mark coinciding 111 diamond reflections of the two diaphite projections.

model (0.31 nm) can be explained by the imperfect orientation
of the lamella. The front and side view projected type 2 diaphite
domains are not only adjacent to each other but they are crystal-
lographically intergrown (Figs. 3/ and 4 H and /). Furthermore,
the compressed graphene occurring within type 2 diaphite is also
intergrown with bulk (i.e., noncompressed) graphene layers. We
note that the <011> diamond projection in the lateral extent of
these regions matches that of type 1 diaphite, which suggests

PNAS 2022 Vol. 119 No.30 e2203672119

that type 2 and type 1 diaphites are also intergrown on the nano-
meter scale (Figs. 3/and 4 Hand J).

Raman Signatures of c/h Stacked Diamond and Diaphite
Nanostructures. Raman spectroscopy is used extensively to char-
acterize the structures of carbon materials (5, 36-39). Using this
technique to analyze mixtures of sp>- and sp”-bonded materials
represents a significant challenge due to the markedly different
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Fig. 4. Magnified view of the interface structures of type 1 and type 2 diaphites. (A) HRTEM image from grain 6. (B) Magnified region showing type 1 and
type 2 diaphite interfaces (marked by black arrows). (C) Structure models of type 1 and type 2 diaphites along <110>4 projections. (D) HRTEM image from
grain 7b. (F) Magnified region showing type 2 diaphite interface. Structure model of the interface along the <121>4 projection. (G) HRTEM image from grain
7b. (H) Magnified region showing the type 2 diaphite interface along the <110>4 projection and (/) the corresponding structure model of the interface.

electronic properties of these structures. Diamond shows a single
sharp Raman peak at 1,332 cm™ " that broadens, shifts to lower
wavenumber, and becomes asymmetric for crystallites <10 nm
(40). Although the experimental spectrum of pure hexagonal dia-
mond is unknown, DFT calculations predict a main peak at
1,305 cm™ ' with less-intense peaks near 1,244 and 1,356 cm ™'
(15, 41). Calculated spectra of diamonds with ¢/ randomly
stacked layers show evolution between these end member predic-
tions as a function of cubicity index, modified by the presence of
ordering among the stacked layers (16).

Graphite exhibits a single sharp Raman peak at 1,575 to
1,580 cm ™', arising from the in-plane stretching of the aro-
matic C—C rings. As the structure becomes disordered this peak
becomes broadened and asymmetric and moves to a higher
wavenumber, while a second broad band occurs near 1,355 cm ™!
that increases in intensity with increasing disorder within the lay-
ered structure. These two features are referred to as the “G” and
“D” bands, respectively. The D-peak frequency and Ip/Ig inten-
sity ratio increase systematically with excitation energy (42).
These effects have been calibrated against the degree of structural
disorder related to layer domain size and buckling, interlayer
spacing, and atomic defects.

The first-order Raman spectrum of graphene shows G and D
features that vary in position, shape, and relative intensity as a
function of the number of graphitic planes and excitation wave-
length. Significant changes are noted in the second-order bands
due to overtones and combinatons involving the D features,
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which become a significant marker for determining the number
of layers in few-layered graphene (43). The analysis of samples
containing both sp” and sp” structures is further complicated
by the fact that the intrinsic intensity of the main Raman fea-
tures for sp>-bonded phases are lowered by a factor of 10° to 10
compared with those for graphitic structures (38) (S/ Appendix,
Fig. S8).

We investigated grains 2, 6, 7, and 8 using multiwavelength
Raman spectroscopy and mapping (Fig. 54 and SI Appendix,
Supplementary Information 3). Surprisingly, although the XRD
and TEM data 1nd1cated that the high hardness grains 7 and
8 are dominated by sp’-bonded structures, their Raman spectra
most closely resemble the features of graphitic materlals The G
peaks near 1,580 to 1,590 cm™ " are associated with 5p * bonding,
while the more intense peak at 1,315 to 1,335 cm™ ' could be
interpreted as the D feature of disordered graphite. The D band
exhibits significant dispersion and width as a function of laser
excitation wavelength, with an additional shoulder present for
some samples (Fig. 5B). A sharp peak at 1,332 cm™ " occurs
in several spectra from grain 8, indicating the presence of well-
crystallized cubic diamond in addition to the dominant ¢/ layer
stacking disordered phase revealed by XRD. An additional shoul-
der near to 1,170 cm™ " is observed in grain 6 and in some areas
from grain 7 (Fig. 50), the origin of which is unclear (87
Appendix, Supple‘mentmy Information 3). We note that TEM
images of grain 7 reveal a graphmc coating (S[ Appendix, Fig.
S4) that could partly give rise to the strong sp>-bonded Raman
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Fig. 5. Raman spectroscopic and mapping data from Canyon Diablo hard carbon grains. (A) Representative spectra from grains 2, 6, 7, and 8, including spec-

tra showing the structural variability for grains 2 and 8. The sharp maximum at 1,332 cm

~'is due to rare cubic diamond particles distributed within grain 8.

(B) Histograms of the D and G peak positions in grain 6 with 514.5-nm (green) and 785-nm (red) laser excitation. Here the dispersive nature of the D peak is
demonstrated while the position of the G peak remains approximately constant for both wavelengths. (C) Agiaphite/Ac heat maps of grain 6 and grain 7. The pro-
portion of the diaphite component is estimated from the integrated area contribution of the 1,450- to 1,510- cm~" feature relative to the G peak intensity within
the fitted spectra. These maps demonstrate the presence of the diaphite peak across the sample and its intensity relative to the G peak. (Scale bar: 100 pm.)

signatures. Grain 2 is dominated by a graphitic structure con-
taining bundles of 3R stacking (57 Appendix, Fig. S4), although
regions with sp>-bonded carbon also occur (ST Appendix, Table
S2). Its Raman spectra show mainly the characteristic bands for
graphitic carbon. The bands for grain 6 are significantly broader
than those from grains 7 and 8, which could be associated with
the greater degree of nanoscale structural disorder observed by
TEM and XRD mapping,

An additional Raman feature occurs between 1,450 and
1,510 cm ™', most prominent in grains 6 and 7, which contain
a large proportion of diaphite structures. DFT calculations
show that bands in this region are expected to occur for dia-
phite nanostructures (17) (SI Appendix, Fig. S9), and we sug-
gest that the 1,450- to 1,510- cm ™! feature observed from
grains 6 and 7 is correlated with these nanostructured units.
We use this assignment to illustrate the spatial distribution of
diaphite structures in terms of heat maps of the relative peak
area (Adiaphice/Ac) of the 1,450- to 1,510- cm™! feature and
1,580- to 1,590- cm ™! G bands in the Canyon Diablo samples
(Fig. 50). We note that the 1,450- to 1,510- cm™ " feature also
appears in grain 2, where it coincides with a second-order band
at ~2,900 cm ! that lies close to D+D’ for disordered graphite

PNAS 2022 Vol. 119 No.30 2203672119

(Fig. 5A). The Agiaphice/Ac heat maps show the persistence of
this peak across the whole sample areas of both grains 6 and 7,
with a stronger signal appearing in grain 6 (Fig. 5C). We note
that the 1,584- cm ™' band can be assigned to the G peak, both
of a graphitic phase included in the sample, and of graphene-
like domains forming part of the diaphite nanostructures.

Discussion

Our combined synchrotron XRD, HRTEM, and Raman data
(Figs. 2—4) show that hard carbon grains from the Canyon Dia-
blo iron meteorite, which have previously been identified as
lonsdaleite, are comprised of a mixture of micro- to nanoscale
structures containing ¢// diamond layer stacking, type 1 and 2
diaphite, and graphitic domains. These structures have also
been identified throughout natural and synthetic micro- and
nanodiamonds found in meteorites and laboratory-synthesized
samples (9, 10, 12, 14-17). In fact, we suggest the material
interpreted as “lonsdaleite” and reported from various natural
and laboratory-prepared samples corresponds to intergrowths of
¢/h stacking disordered diamond and diaphite domains, instead
of 2H diamond.
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Our multianalytical investigation of the type of material
from which “lonsdaleite” was first described (3, 4) provides a
solution for resolving the confusion for the name “lonsdaleite,”
which is used to identify a mineral and a structure. The mineral
“lonsdaleite” is characterized by the reported broadened XRD
patterns, TEM, and Raman features. However, this material
does not possess the ideal, macroscopic 2H stacking pattern. A
similar issue arises for “perovskite,” in which the mineral perov-
skite CaTiO; does not possess the cubic perovskite structure
(44). Therefore, we suggest keeping the name “lonsdaleite” for
the type specimen in honor of Dame Kathleen Lonsdale, but
noting that its structure consists of ¢/ stacking disordered
diamond and diaphite. We also propose using the “c/b stacked
disordered diamond and diaphite” description instead of
“lonsdaleite” for interpreting structural features of XRD, TEM,
and Raman data. This terminology can be extended to syn-
thetic materials and does not exclude the existence of 2H dia-
mond. In fact, nanosized 2H domains have been reported
within hierarchically structured diamond composites (45), but
the finding of a bulk material with 2H stacking will be the sub-
ject of future studies.

Diaphite nanostructures occupy a wide range of phase space
between the sp>- and sp>-bonded end members and would be
expected to be encountered as intermediates formed by compres-
sion or decompression from graphite or diamond, or by metasta-
ble synthesis from molecular precursors via chemical or physical
vapor deposition (9, 10). In fact, we suggest that diaphite struc-
tures should be involved for calculating the energetics of the
graphite-to-diamond phase transition (46, 47). As noted above,
nanometer-sized diamond domains occur throughout the gra-
phitic matrix (Fig. 3F), suggesting that their formation was
arrested during an early stage of the graphite-to-diamond transi-
tion (48), and that the diamond formation began simultaneously
and spontaneously at multiple points throughout the sample.
This behavior would be consistent with the system reaching a
mechanical instability limit during metastable compression of
graphite and beyond the equilibrium graphite-diamond transi-
tion, with the observed nanostructures appearing through mini-
mization of the elastic strains associated with diaphite formation
(49). However, it was noted from Raman spectroscopy that a
few areas within some grains exhibited the characteristic sharp
peak of crystalline cubic diamond (Fig. 54), indicating that these
had achieved sufficiently high temperature during the shock
event to complete the thermodynamic transformation. Barbaro
et al. (50-52) found nano- and microdiamonds coexisting with
nanographite aggregates in ureilite meteorites and estimated
1,200 to 1,300 °C for this phase assemblage. In accordance with
these reports, we hypothesize analogous shock T for the Canyon
Diablo sample. The diamond materials within the samples are
intimately associated with graphitic structures that could repre-
sent the starting phase present within the meteorite sample, pos-
sibly formed from exsolution of iron carbide (28, 32), or that
could have appeared during the decompression stage immedi-
ately following passage of the shock wave.

In addition to the remarkable mechanical properties combining
aspects of the extreme compressive strength and tensile resistance
of diamond and graphitic intergrowths and nanocomposites, we
expect these materials to display desirable electronic properties.
Although diamond is a well-known wide-bandgap insulator, it
can be made conducting and even superconducting by substitu-
tion of B for C atoms within the lattice, or by the introduction of
nitrogen-vacancy defects (53). The existence of diaphite struc-
tures with a conducting interface between the graphene and
diamond layers provide another mechanism for introducing
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potentially superconducting pathways into the otherwise insulat-
ing material (24, 54-56). In order to achieve such spz—bonded
nanostructures embedded within the diamond matrix in a con-
trollable manner will require development of precise layer-by-layer
growth techniques.

Materials and Methods

samples. Carbonaceous grains from a Canyon Diablo iron meteorite were
obtained following the procedure described in ref. 57. The Canyon Diablo sam-
ples are from the Buseck Center for Meteorite Studies of Arizona State University.
The grains are black with an adamantine luster (S/ Appendix, Fig. S1), and their
size ranged from tens of microns to several millimeters. Some of these grains
are soft and graphite-like, while others showed extreme resistance to mechanical
abrasion and were classified as "diamonds.” From 100 grains four representative
grains, 2, 6, 7, and 8 (SI Appendix, Fig. ST and Table S1), were investigated with
XRD, TEM, and Raman spectroscopy and mapping.

Microbeam XRD and DIFFaX Modeling. Selected carbonaceous grains from
the Canyon Diablo iron meteorite were mounted at the end of glass fibers and
studied using a 2 x 2 micrometer X-ray beam (A = 0.03738 nm) at the 1D27
beamline of the ESRF-EBS synchrotron facility in Grenoble, France. Two-
dimensional maps of 36 points in grain 2 and 100 points in grains 6, 7, and
8 were obtained and they were integrated using the Dioptas software (58).
Selected maps are shown in Fig. 2. The XRD data were analyzed using the DIF-
FaX protocol based on models built for sp>-bonded c/h layers and for type 1 and
type 2 diaphite structures. Details of the fitting procedure of ¢/h diamond and
type 1 diaphite were presented previously (9, 10, 14-16). The analysis of type 2
diaphite is described in S/ Appendix, Supplementaty Information 2.

TEM Investigation and Image Processing. FIB lamellae measuring 10 x 2 pm
in area and ~40 to 50 nm thick were prepared from grains 2, 6, and 7 applying
FIB thinning with Thermo Scientific Scios 2 Dual Beam equipment. Aberration-
corrected TEM and high-angle annular dark-field scanning TEM images were
acquired using a Thermo Fisher Scientific FEI THEMIS 200 microscope (Institute of
Technical Physics and Materials Science, Hungary, 200 keV, 0.07-nm point resolu-
tion). FFTs were calculated using Gatan Digital Micrograph 3.6.1 software. The
amplitude image in Fig. 3C was generated from Fig. 3B following the method
described in Hijtch et al. (59) using routines written for the Digital Micrograph
software and applying 0.06-nm~"-sized Lorentzian masks for the 003 set
of 3R graphite reflections of the FFT (Fig. 1B). We measured the d-spacings of
graphene layers from intensity profiles of FFTs calculated across the 00/ reflec-
tions using Velox software. We note that we use three hk/ indices for labeling
diffraction spots and d-spacings of graphite and four indices hkil [i = —(h + k)]
whenever we discuss crystallographic planes and directions.

Microbeam Raman Spectroscopy and Mapping. Raman maps were acquired
for grains 6 and 7 as well as single point spectra for grains 2 and 8 using a
Renishaw inVia confocal micro-Raman instrument equipped with 785- and
514.5-nm lasers through an Olympus 50x objective. The laser was focused to
~3 pm and the power at the sample was maintained at <2 mW for the 10- to
20-s acquisition times. We did not observe any transformation of the samples
with these irradiation conditions. The maps were constructed using 810 and
1369 points for grains 6 and 7, respectively, with step sizes of 10 pm. Random
spikes due to cosmic rays impacting the detector were removed using a custom
method based on that proposed by Whitaker and Hayes (60). The spectra were
then background-corrected using a rolling ball filter based on principles set out
in ref. 61.

Data Availability. All study data are included in the article and/or supporting
information.
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