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Impact diamonds from Popigai astrobleme were found to consist of different carbon phases: cubic and hex-
agonal diamond with sp3 bonding according to X-ray structural analysis as well as amorphous, crystalline and
disordered graphite with sp2-bonding (Raman scattering). The sizes of graphite domains vary from 10 to
100 nm. Fundamental absorption edge for Popigai impact diamonds is shifted ~0.5 eV to lower energies in
comparison with kimberlite diamonds (5.47 eV) as a result of the lonsdaleite input, in good agreement
with ab initio calculations (Eg = 5.34 and 4.55 eV for 3C cubic and 2H hexagonal diamonds, respectively).
Yellowish color of impact diamonds is due to Rayleigh light scattering on structural defects whereas graphite
is responsible for gray to black coloring. In the mid-IR region there is a multi-phonon absorption of 3C dia-
mond in the 1800 to 2800 cm−1 range and some new bands at 969, 1102, 1225, and 1330 cm−1 in the
one-phonon region. Micro-Raman study shows inclusions of side noncarbon minerals (quartz, magnetite,
and hematite) some of which contain Cr3+ impurity. The vibration modes of cubic diamond and lonsdaleite
exhibited in the Raman spectra were elucidated by the first-principles studies. Popigai impact diamonds
demonstrate a broad-band luminescence in 2.1, 2.38, and 2.84 eV components similar to that for nanocrystal
polycrystalline 3C diamond. All emissions are excited at band-to-band transitions whereas the last two are
observed also at excitation into 2.4 and 3.0 bands supposedly as a result of intracenter processes within
the H3(NVN) and NV0 centers.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

For a long time diamonds attract attention by their unique parame-
ters: the record chemical, mechanical and radiation stability, thermal
conductivity and mobility of electrons and holes among the solids. Dia-
monds are known to form deep in the Earth at high pressures and tem-
peratures (P > 4.5 GPa, T > 1000 °C) in natural conditions and they are
brought later to the Earth surface. Today diamond is one of the most
studied inorganic materials and nanocrystalline diamond, thin diamond
films and high quality bulk crystals are produced in the laboratory/
industrial conditions for different applications in gemology, science and
industry. Much less is known about impact diamonds, which form in the
shock processwhen ameteorite falls on the Earth [1]. As early as 1888, im-
pact diamondswere found by Erofeev and Lachinov in themeteorite from
the Novo Urei, Russia [2], and later in themeteorite fromCanyonDiablo in
Arizona [3] and from many other craters such as Popigai astrobleme
(Russia), Ries (Germany), Kara and Puchezh-Katunski (Russia) [4,5].
, zslin@mail.ipc.ac.cn (Z.S. Lin).

rights reserved.
Recently, the evidences of shock-synthesized impact diamonds were in-
vestigated to correlate with the abrupt ecosystem change andmegafau-
nal extinction triggered by a cosmic impact (for example, over North
America about 13,000 years ago) [6].

The impact diamonds were derived at extremely high P–T parame-
ters (temperature up to 4000 °C and pressure up to 140 GPa) from
either parental graphite or coal as a result of solid state phase transition
[5]. This conclusion is based on the analysis of the grainmorphology, the
preferred orientation of crystallites, the occurrence of lonsdaleite (a
high-pressure polymorph of carbonwith hexagonal close-packed struc-
ture) associated with target rock inclusions (material exposed at a site
of an impact before crater formation), and the occurrence within large
bodies of impact melt rocks. Investigation of meteorite diamonds
allowed one to identify a set of new sp3 carbon phases both of hexago-
nal (4H, 6H, 8H, 10H-1 and 10H-2) and rhombohedral (15R and 21R)
symmetry [7]. These crystalline forms together with cubic (3C) dia-
mond and lonsdaleite (2H hexagonal diamond) were called diamond
polytypes [7]. The diamond polytypes were identified by infrared and
Raman spectroscopy as well as electron and X-ray diffraction [7]. To
date only cubic 3C diamond and lonsdaleite in these sp3 polytypes
together with graphite (sp2), chaoite (sp1) and carbides namely SiC
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have been found in terrestrial impact diamonds, and the content of
lonsdaleite reaches 80% sometimes [5].

The cubic diamonds can be grown by tangential or normal mech-
anisms depending on the degree of melt supersaturation: as a result
the crystals with octahedral or cubic habit are obtained [8]. For
cubic diamonds with octahedral habit the growth on a seed is very
slow and layer by layer mechanism takes place. So one needs hun-
dreds of hours in laboratory conditions and much longer time, in geo-
logical scale, in nature. In the case of cubic habit, a multicenter
nucleation process takes place, and many crystals as needles are
growing simultaneously and competing with each other. One can
usually observe the spherulite structures inside such diamonds. How-
ever, in a shockwave the formation of the impact diamonds is a consid-
erably different process of solid state phase transition [9]. The shock
compression acting on the graphite grains makes the lonsdaleite–
diamond paramorphs consist of very small crystallites. According to
X-ray structural analysis the effective radius L of such crystallite varies
from 10 nm to 100 nm, L for lonsdaleite being smaller than that for
cubic 3C diamond [5].

The Popigai astrobleme in the north of Siberia in Russia is one of
the largest craters all over the world: its diameter approaches to
about 100 km. The remarkable feature of this crater is a high content
of graphite in the breeds: as a result a lot of impact diamonds formed
during the impact event and their reserves exceed many times those
of kimberlite diamonds all over the world. Our experimental estima-
tions showed that the wear hardness of impact diamonds from the
Popigai crater exceeds 2 to 2.5 times that of the cubic 3C diamonds,
thus this material is of great interest for industrial applications. On
one hand, high resistance to wear for Popigai impact diamonds
(PID) may be a result of the lonsdaleite presence in the structure.
The lonsdaleite was reported to be an extremely hard material,
whose hardness was estimated to be 1.58 higher compared to cubic
diamond [10]. On the other hand, it may be a result of PID nanocrystal-
line structure as in the case of 3C nano-polycrystalline diamonds [11].
Till now there is very limited information about optical properties of im-
pact diamondswhich could be important also for optoelectronics. There
are only a very few measures on the cathodoluminescence (CL) and
photoluminescence (PL) properties of impact diamonds, which re-
vealed that the broad emission bands dominate in the visible CL [12]
and PL [5] spectra although there is also some fine structure [5]. Only
N3 vibronic system corresponding to the nitrogen-vacancy complex
N3V in cubic 3C diamonds [13] was identified in PID samples [5]. To
date there is no information about the transmission spectra of impact
diamonds: it may be a result of their small size, complicated shape,
intense color as well as the difficulty of sample preparing from such
superhard material.

In present paper the phase composition of impact diamonds from
the Popigai astrobleme (IDP) was studied using the X-ray structural
analysis and Raman spectroscopy: 3C cubic and 2H hexagonal dia-
mond, graphite were found to be dominating phases with ~20%
lonsdaleite input plus some noncarbon mineral phases. No nitrogen
related signal was observed in one-phonon range, but strong absorp-
tion occurred from pressurized solid carbon dioxide (CO2). Raman
spectroscopy confirms the presence of the nanometer-sized structur-
al domains although PID plate interacts as a monolithic media with
a mid-IR light wave with λ ~ 5–10 μm. The experimental peaks of
Raman spectra are identified and their lattice vibrational origins are
elucidated by the first-principles studies. Transmission spectra in
the UV to mid IR range were recorded for PID and compared with
the ab initio estimation of band gaps: Eg for lonsdaleite was found
to be 0.5 eV smaller in comparison with cubic diamond. Furthermore,
low-temperature PL and PL excitation spectra of the samples were
measured using the synchrotron radiation. Spectroscopic features of
impact diamonds are different considerably from those of natural
kimberlite bulk diamonds but they are similar to the features of poly-
crystalline 3C nanodiamonds.
2. Experimental and computational methods

2.1. Samples

Several hundreds of impact diamonds were separated by thermo-
chemical (alkaline fusion) treatment of impact melt rocks from the
Popigai astrobleme following the procedure of Rost et al. [14]. The
PID samples have relatively small grains with the average size of
1.5 mm and exhibit various colors, ranging from pale-yellow to yel-
low, yellowish-gray, gray, brownish-gray, and black (Fig. 1(a)). For
a batch of transparent samples we obtained the X-ray diffraction pat-
terns using a powder diffractometer (ARL X'TRA from the Thermo
Scientific) operating at the CuKα radiation (see Fig. S1 in the Supple-
mentary data). It is demonstrated that the dominating carbon phases
in PID are nanometer-sized cubic (3C) and hexagonal (2H) diamonds
and the content of the latter does not exceed 20%. Val'ter et al. found
that in the strongly colored or black PID samples the lonsdaleite input
is larger, reaching 80% [5].

We studied optical absorption and photoluminescence in several
tens of PID samples, which were transparent, slightly colored plates
with intense yellow photoluminescence at room temperature at UV
365 nm Hg excitation. One of these impact diamonds (G4) is shown
in Fig. 1(b)–(f). One can see that it is a plate ~112 μm thick with
well-pronounced flat and parallel opposite faces (Fig. 1(d)). This sam-
ple demonstrates a yellow PL, which is typical of all examined impact
diamonds. Deeper colored PID samples have a weaker PL. In polarized
transmitted light one can see a variety of colors with a lot of fine-
sized details, which indicates a complicated, polycrystalline structure
of the sample. Gray or black color of PID is due to graphite inclusions.
To clean the sample surface before spectroscopic measurements im-
pact diamonds were boiled 10 min in chloronitric acid (a 3:1 mixture
of hydrochloric and nitric acids), which allowed us to remove organic
and mineral contaminations from the developed surface of the
samples.

2.2. Spectroscopic studies

Transmission spectra were recorded using a UV-2501PC Shimadzu
spectrometer in the UV- to near-IR, whereas in the mid-IR we used a
Fourier-Transform spectrometer Infralum 801. For local measure-
ments we used a FTIR spectrometer Vertex 70 combined with a
microscope Hyperion 2000. Typical diameter of the beam was 50 to
100 μm.

Raman spectra were recorded with spectral resolution of 1 cm−1

at room temperature at excitations 514.5 nm (Ar+ laser) and
325 nm (He–Cd laser) using a confocal LabRam micro-Raman spec-
trometer. The low-temperature PL and PLE spectra were measured
at 7.5 K using synchrotron radiation on a SUPERLUM station of the
DESYLAB laboratory (Hamburg, Germany) [15]. The PLE spectra
were measured at excitation energy Eex = 4 to 40 eV and normalized
to an equal number of incident photons using the sodium salicylate
and rhodamin 640, which quantum efficiency does not depend on
the photon energy.

2.3. The first-principles studies

The theoretical studies were performed using the plane-wave
pseudopotential method [16] implemented in CASTEP package [17].
The optimized norm-conserving pseudopotential [18] in the Kleinman–
Bylander form [19] for carbon in the cubic diamond and lonsdaleite is
used to ensure a small plane-wave basis set without compromising the
accuracy required by our study. A very high kinetic energy cutoffs of
800 eV for those crystals are used. Monkhorst–Pack k-point meshes
[20] with the spanning of less than 0.04/Å3 in the Brillouin zone are cho-
sen. For the Raman spectra calculations, the k point mesh density is cho-
sen as high as 0.02/Å3. The convergence testing showed that the choice



Fig. 1. Impact diamonds from Popigai astrobleme. (a) All fragments with the average size of ~1.5 mm. In particular, the transparent sample G4 with the thickness of d = 120 μm is
shown at side illumination (b) and in transmitted unpolarized light (c, d). Pattern recorded with crossed polarizers (e) and PL at 365 nm Hg excitation (f).
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of the computational parameters is sufficiently accurate for present
purposes.

It is known that the density functional theory (DFT) cannot describe
the electronic excitations accurately since the exchange–correlation
(XC) potential is discontinuity as an electron is added with a givenmo-
mentum to the system. Indeed, the local density approximation (LDA)
or generalized gradient approximation (GGA) of the XC functional is
usually underestimating the energy band gap of crystals. In recent
years, a wide variety of nonlocal functionals have been developed. In
particular, the screened exchange plus LDA correlation (sX–LDA) [21]
has been successfully applied in the prediction of the energy band gap
of semiconductors. Our tests reveal that the calculated bulk lattice pa-
rameters of lonsdaleite and cubic diamondwith different XC functionals
are all in good agreementwith the experimental results (see Table S1 in
the Supplementary data). In thiswork, the energy band gapwith the XC
functionals of GGA, LDA and sX–LDA for the cubic diamond and
lonsdaleite are theoretically determined, respectively, and compared
with the experimental values.

Based on the electronic structures, the optical absorption and
transmission spectra can be calculated from the electronic transition
between the occupied and unoccupied states caused by the interac-
tion with photons [22]:

ε2 ℏωð Þ ¼ 2e2π
Ωε0

∑
k;v;c

ψc
k

� ��û⋅⇀r ψv
k

�� ��� ��2δ Eck−Evk−ℏω
� � ð1Þ

where Ω is the volume of the elementary cell, v and c represent the
valence and conduction bands, respectively, ω is the frequency of
the incident light, and û is the vector defining the polarization of
the electric field of the incident light. For the GGA and LDA calcula-
tions, the scissors operator [23] is introduced to shift all the conduc-
tion bands in order to agree with the measured value of the band gap.

The phonons (or lattice vibrations) of the cubic diamond and
lonsdaleite are determined by the linear response calculations [24],
from which the dynamical matrices (or Hessians) and Born effective
charges can be obtained. The Born effective charge tensor of an ion
is the partial derivative of the macroscopic polarization with respect
to a periodic displacement of all the periodic images of that ion at
zero macroscopic electric field [24]. Once these data are given, the
Raman spectra are generated by calculating the polarization for
each displacement in the linear response frame [25]. It should be
noted that in experiments the intensity of peaks in Raman spectra
also strongly depends on some other factors such as the temperature
and incident light wavelength. These parameters must be specified in
order to match the calculated and experimental results well.
3. Results and discussion

3.1. Transmission spectra in UV and near-IR region

Transmission spectra of four impact diamonds G1, G2, G4 and G6
from Popigai crater are shown in Fig. 2(a). Samples transmit the
light from the photon energy of 4.96 eV (wavelength ~ 250 nm),
but the signal increases very slowly as shown by curves 1–4, which
is similar to that in CVD diamond film (curve 5) given for comparison.
On the contrary, type IIa high quality sample of cubic diamond dem-
onstrates a fast increase of transmission beginning from 5.51 eV
(~225 nm) (curve 6). Slow transmission increase in impact diamonds
and CVD films is a result of strong Rayleigh scattering on crystalline
and phase boundaries as well as on other extended defects (e.g.,
cracks and dislocations) present in the samples.

In such strongly scattering light, it is very difficult to arrange a pre-
cise analysis of the shape of the spectrum near the fundamental ab-
sorption edge and to indicate the band gap value and the type of
electronic band-to-band transitions. The shape of the spectra in the
UV to near-IR does not change even the samples is cooled to 80 K,
and no fine structure appears. Therefore, the energy band gap (Eg)
can be roughly estimated from the point when light begins to trans-
mit through the sample. On the 2.5% transmission level the optical ab-
sorption edge of the impact diamonds G1, G2, G4 and G6 are located
at 4.12, 4.67, 4.39 and 4.96 eV, respectively (shown in the insert of
Fig. 2(a)). Thus, the energy band gaps of impact diamonds are about
0.5 to 1 eV smaller than that of cubic diamonds where Eg = 5.46 eV
at 300 K [13,26].

It is known that in carbon based compounds which are transparent
in the visible region the transmission at short wavelengths is deter-
mined by the phases with sp3 hybridization, namely cubic diamond
and lonsdaleite [27]. In addition, the SiC phase which has been identi-
fied in impact diamonds by structural analysismay have some contribu-
tion [5]. Carbon phases with sp1 and sp2 hybridization such as graphite,
graphene, chaoite, and carbines are characterized by dark (black) color
aswell asmuch higher electrical conductivity. These phases are present
as thin layers or inclusions in some fragments/samples.

In order to elucidate the UV to near-IR transmission spectra of im-
pact diamond, the first-principles simulations were performed. There
is some difference in band gap values obtained by the LDA, GGA and
sX–LDA calculations: values by the latter approximation are consider-
ably higher and they are in good agreement with the experimental
values (see Table S1 in the Supplementary data). The sX–LDA calculated
transmission spectra for lonsdaleite and cubic diamond are displayed in
Fig. 2(b). Spectrum of cubic diamond matches the experimental result



Fig. 2. (a) Experimental transmission spectra in the UV to near-IR spectral ranges for impact diamonds G1, G2, G4 and G6 (spectra 1–4, respectively). Spectra for CVD film of cubic
diamond (5) and type IIa natural diamond from Yakutia (6) are given for comparison. The thickness of the last two samples is ~1 mm. The fragments with transmission from 0% to
5% are shown in the insert. (b) Calculated transmission spectra for cubic diamond and lonsdaleite. The spectra closed to the UV absorption edge are shown in the insert.
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for type IIa high quality sample of cubic diamond (curve 6 in Fig. 2(a))
very well. For lonsdaleite, the transparency edge is red-shifted about
0.5 eV.

The sX–LDA energy band structures (see Fig. S2 in the Supplementa-
ry data) demonstrate that both lonsdaleite and cubic diamond are indi-
rect band gap semiconductors. The direct electronic transition is
realized at Г point at 6.25 eV and 7.12 eV for lonsdaleite and cubic dia-
mond, respectively. The latter value is close to the experimental value of
7.3 eV [13]. The band gap is indirect because the wave vector at which
the valence band is a maximum (G) does not coincide with the wave
vector where the conduction band is a minimum at L point for cubic di-
amond and at K point for hexagonal one. The detailed analysis of the 2s
and 2p orbitals in the electronic structure of both crystals shows that the
width of the valence band is 22 eV in both cases (see Fig. S3 in the Sup-
plementary Data), which is also in good agreement with the experi-
mental value of 20 eV [13]. It should also be noted that in cubic and
hexagonal diamonds the shape of the 2s orbitals is very similar to
each other, while their 2p orbitals are some different. The difference is
mainly due to the crystal structural features of cubic diamond and
lonsdaleite. Although both structures have covalent tetrahedral bonds
and contain only six-membered rings of bonds, the stacking manner
of the (111) atomic planes is different. The staking sequence in
lonsdaleite is of the type of ABCABC…(each atomic layer designated
by A, B, or C), whereas that in cubic diamond is of the type of ABABAB….
The lengths of some carbon–carbon bonds in lonsdaleite are slightly
larger (~1.5% larger) than those in cubic diamond [28], which results
in the smaller energy band gap in the former crystal. Calculated band
gaps are 5.34 and 4.55 eV for cubic and hexagonal diamonds whereas
experimental values are 5.5 and 4.96 eV, respectively. Calculated
value for lonsdaleite is similar to that obtained in Ref. [29], but differs
considerably from 3.5 eV in Ref. [30].

Based on the above analysis, one may conclude that the band gap
modifications in the impact diamonds are mainly due to the lonsdaleite
input, consistent with the studies by Bakr et al. [31]. On the other hand,
it is difficult to explain the band gap narrowing in the samples by the
presence of SiC layers because different SiC phases have considerably
lower Eg values: they are 2.36, 3.23 and 3.05 eV for 3С(β), 4Н and
6Н(α) phases, respectively [32,33]. Thus, absorption edge for these
phases should be located near 525, 383 and 406 nm respectively, far
away from the measured absorption edge.
3.2. Mid-IR absorption spectra

In Fig. 3, the mid-IR absorption spectra for four impact diamond
samples are shown in section (a) in comparison with cubic diamonds
of different types in frameworks of well-known physical classification
(types Ib, IaA and IaAB in section (b) [8,13]). In spectra of impact di-
amonds the absorption bands at 2000 and 2160 cm−1 are related to
the multiphonon absorption of cubic diamond lattices, although
their structures are somewhat less pronounced. The absorption at
ν = 1995 cm−1 in 3C bulk diamonds has been reliably determined
to be 12.3 cm−1 and many authors use it as an internal standard
[13]. To date, there is no reliable information concerning absorption
spectrum of lonsdaleite. Taking into account the presence of both
cubic and hexagonal phases in impact diamonds, it was interesting
to measure the absorption at ν = 1995 cm−1. The results of such
measurements for 4 flattened samples G1, G2, G4, and G6 are given
in Table 1. One can see that at this frequency the absorption is ap-
proximately the same for G1 and G2 and a little higher for G4
(15 cm−1). Somewhat lower absorption for G6 may be a result of
its wedge-like shape (See Table S2 in the Supplementary data). One
can conclude that lattice absorption in the 1800–2500 cm−1 is ap-
proximately the same for cubic and hexagonal diamonds. Some devi-
ations may be due to the nanocrystalline structure.

The unusual absorption in the one-phonon region (ν b 1400 cm−1)
in impact diamonds may be associated with the native structural de-
fects or impurities in the lonsdaleite phase.

The shape of the spectrum varies from point to point or from sam-
ple to sample but components remain the same: Typically they are at
969, 1102, 1225 and 1330 cm−1. They are shown by dotted lines in
Fig. 3(a). In particular, the absorption spectrum (1) of impact dia-
mond with a maximum at 1225 cm−1 is very similar to that of
low-nitrogen nano-polycrystalline 3C diamond synthesized directly
from graphite under high pressure and temperature [34]. These
bands have no analogs to the spectra of the cubic diamonds in
one-phonon region which are determine mainly by nitrogen defects;
a single nitrogen atom in carbon site (center C, with dominating band
at 1135 cm−1) for type Ib diamonds, two nitrogen atoms in adjacent
sites (center A, at 1280 cm−1) for type IaA and nitrogen-vacancy
complexes N4V (center B, at 1175 cm−1) for type IaB. This means
that the impact diamond samples do not contain the mentioned

image of Fig.�2


Fig. 3. Absorption spectra in the mid-IR for 4 impact diamonds: G1(curve1), G2(2), G4(3) and G6(4) in section (a) in comparison with absorption spectra for three natural dia-
monds (b) of types Ib (5), IaA (6) and IaAB (7). Spectra 2–4 and 6–7 are shifted upwards for clarity. Here, optical density is D = lg (100 / I).
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nitrogen impurities in concentration more than 1017 cm−3. Narrow
lines in the 1358–1372 cm−1 range in natural diamonds are due to
B′ carbon aggregates or platelets (curve 7 in Fig. 3(b)) [8,13].

In impact diamonds there are two groups of lines in the ranges
from 658 to 645 cm−1 and from 2406 to 2362 cm−1 which have
been previously interpreted as the ν3 and ν2 bands of CO2 due to in-
clusions of pressurized solid carbon dioxide (CO2) in cubic diamonds
[13]. This feature is typical of natural type IaA diamonds as powder
with grain size below 250 nm after annealing at 700 °C in an oxygen
atmosphere [13]. The narrow line at 3107 cm−1 results from the C–H
vibrations.

A periodic structure in the 600 to 1100 cm−1 (10 to 15 μm) spec-
tral range in the mid-IR (see Fig. S4 in the Supplementary Data) is a
result of interference between two flat and parallel faces. The analysis
of extremum position following Ref. [31] gives the plate thickness
which is in good agreement with values measured directly (under
an optical microscope or with a micrometer). Thus transparent plates
of impact diamond behave themselves in the mid-IR as if there is a
Table 1
Spectroscopic features in mid-IR absorption spectra of impact diamonds.

Sample
NN

Absorption at
1995 cm−1

CO2 absorption
(657, 2380 cm−1)

Absorption bands in one-phonon
spectral range, cm−1

Impact diamonds from Popigai crater
G1 12.7 ± 0.5 + 1102, 1225, 1330
G2 15.0 ± 1.0 + 969, 1102, 1225, 1330
G4 6.9 ± 3 + 969, 110, 1225, 1330
G6 12.3 ± 0.5 − 1102, 1225, 1330

Natural kimberlite (cubic) diamonds
Type Ib 12.3 1135 — center C
Type
IaA

12.3 1282 — center A

Type
IaAB

12.3 1175, 1282 — centers B′ and A

Most intense peaks are underlined.
relatively homogeneous, monolithic substance without any substruc-
ture inside.

3.3. Raman spectra

Raman spectroscopy is commonly used in everyday practice for
the characterization and identification of the various phases of carbon
in diamond films and other structures. The Raman spectra of various
carbon phases are well known [35]. The first-order Raman spectrum
of cubic diamond consists of a single narrow Lorentzian-shaped
peak at 1332.5 cm−1 (4 × 1013 Hz, 165 meV), with FWHM of
1.5 cm−1 in an undisturbed diamond lattice. This line results from
the scattering on triply degenerate TO(X) phonons of T2g symmetry
[36,37,13].

Several groups studied experimentally the Raman spectra of dia-
mond and lonsdaleite sp3 aggregates [38–42]. Most of them observed
only a broad enough asymmetric line centered near 1332 cm−1 and
associated it with usual T2g vibration in cubic diamond 3C phase com-
bined with split, but poorly resolved T2g vibration in lonsdaleite
[39–41]. Some authors investigated pure lonsdaleite phase: small sin-
gle crystals of natural lonsdaleite from the Kokchetav massif in Ka-
zakhstan [42] and a purely lonsdaleite film produced in the hot
filament CVD process [43]. The Raman spectra showed the well re-
solved peaks at 1319 and 1322 cm−1 in the former [42], whereas an
unresolved asymmetric line 1329 cm−1 with a shoulder at lower
energies were observed in the latter [43]. This implies that the
lonsdaleite signal is a doublet in the 1315–1329 cm−1 spectral range,
and the variations in line positions are due to a shift to lower energies
as temperature/laser beam increase or shift to higher energies as stress
grows.

In this work, the Raman measurements are performed on two
types of impact diamonds: transparent, slightly colored samples and
opaque samples, gray to black in color. They are given in sections
(a) and (b) of Fig. 4, respectively. Fig. 4(a) clearly shows that for a
transparent sample PID10 there are a set of peaks besides the main
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Table 2
The results of decomposition of the Raman spectrum for transparent IDP sample into 8
individual Lorentzian components (at 514.5 nm excitation).

NN Position of the peak
maximum (cm−1)

FWHM
(cm−1)

Interpretation

1 550 380 –

2 750 197 –

3 1082 90 ZPL at 544.8 nm in the PL
spectrum

4 1185 200 Phonon on the edge of Brillouin
zone [37]

5 1323.5 4.7 Lonsdaleite
6 1331.6 5.8 Cubic diamond
7 1336 7.3 Cubic diamond
8 1460 160 sp2 amorphous-type graphitic

bonding [38]
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diamond peak near 1332 cm−1. The results of spectrum decomposi-
tion into 8 Lorentzian-shaped components are given in Table 2.

The insert in Fig. 4(a) shows that there is an asymmetric relatively
narrow peak near 1332 cm−1 with FWHM ~ 15 cm−1 for transparent
PID samples. This peak consists of at least three components at 1323.5,
1331.6 and 1336 cm−1 with FWHM of 4.7, 5.8 and 7.3 cm−1, respec-
tively. Estimation using the coefficients δν[100] = 0.73 cm−1/GPa and
δν[111] = 2.2 cm−1/GPa [44] gives the residual stress of 2 to 5 GPa for
diamond. Broadening of the components may be a result of samples
nanocrystalline structure [34]. The latter has been observed directly at
the electron microscopy examination [5].

The intense peak at 1082 cm−1 is recorded only at 514.5 nm exci-
tation and is absent at 325 nm excitation; it correlates in intensity
with PL luminescence and can be interpreted as a zero-phonon line
(ZPL) at 544.8 nm. Indeed, several ZPLs, at 2.23 eV (556 nm),
2.32 eV (534 nm) and 2.39 eV (519 nm) were observed in the 500
to 550 nm range in the low-temperature CL spectra of impact dia-
monds from the Popigai, Ries and Lappajarvi craters [12]. At room
temperature the ZPL positions can be different.

The 1180 cm−1 component is originated from the phonon on the
edge of Brillouin zone [37], whereas the 1460 cm−1 component is as-
sociated with the sp2 amorphous-type graphitic bonding [38]. An al-
ternative interpretation is that the 1180 and 1460 cm−1 bands are
the ν1 and ν3 components of trans-polyacetylene, respectively [35].
The broad bands near 500 and 750 cm−1 are observed in nanocrys-
talline diamonds as well but their origin is not clear to date.

The detailed Raman spectra of the transparent PID samples in the
low-energy region (ν b 800 cm−1, see Fig. S5) exhibit the structural
characteristics of impurities: they are related to non-carbon phases
such as quartz SiO2 (1), magnetite Fe3O4 (2) and hematite α-Fe2O3

(3). These spectra were identified with the help of Databank [45]
(the positions of the components see Table S3 in the Supplementary
data). It should be noted that specific peaks are shifted to high ener-
gies compared with the value in Ref. [45], which is a result of residual
stresses of minerals. Thus fundamental vibrations in quartz, magne-
tite and hematite are shifted 5, 25 and 17 cm−1, respectively. Taking
Fig. 4. Raman spectra recorded at 514.5 nm excitation for different PID samples after subtra
and for three samples PID 1–3, gray in color and with a weak PL (b). Thin solid lines show th
1400 cm−1 spectral range is given in the insert. G and D indicate components related to cr
[36].
into account that fundamental vibration at 463 cm−1 shifts at the
rate δν = 9 cm−1/GPa as pressure increases [46] we obtain that the
estimated residual stress is ~0.6 GPa in quartz. For magnetite and he-
matite, the dependence of Raman-active fundamental vibrations on
pressure is considerably nonlinear and estimated residual pressures
are 10 and 20 GPa, respectively [47,48].

The Raman spectra of the gray or black impact diamonds (PID 1–3)
in Fig. 4(b) exhibit two main peaks at ~1585 and 1355 cm−1. The peak
at 1585 cm−1 is originated from the first-order spectrum of the E2g op-
tical mode (G mode) in well-ordered defect-free crystalline graphite at
1568.5 cm−1 which is shifted due to the graphite disorder [49]. Mean-
while, the wide FWHM of the G line indicates the presence of glassy
graphite (60–80 cm−1) and pyrolitic graphite (23 cm−1) in the sam-
ples since this parameter is ~13 cm−1 for natural graphite crystals.
The line near 1355 cm−1 (D mode) was first reported by Tuinstra and
Koenig [50] and corresponds to a disorder-induced mode. It is known
that the ratio of the intensities for D and G bands depends on the size
of the graphite microcrystals in sample [50]. Accordingly, we calculated
the ratio of I(1355)/I(1585) and estimated that the crystallite sizes in
cting the PL background: for a transparent sample PID10 with the intense yellow PL (a)
e results of decomposition into 8 individual Lorentzian components. Detail in the 1250–
ystalline graphite (~1590 cm−1) and disordered graphite (~1360 cm−1), respectively
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Table 3
Calculated frequencies and intensity of the IR peaks for cubic diamond and lonsdaleite.
The symbols S, D, T represent single (non-degenerate), double and triple degenerate
modes, respectively.

Frequency Intensity Frequency Intensity Selection rules

Cubic
diamond

This work Experimental
[35]

T1g (T) 0
T2g (T) 1315 1 1332 Raman (xz, yz, xy)

Lonsdaleite This work Other work
[41]

E1u (D) 0 – –

A2u (S) 0 – –

E2u (D) 529 524 Inactive
B1u (S) 1065 1055 Inactive
E2g (D) 1206 0.26 1221 0.1 Raman (x2 − y2, xy)
B2g (S) 1252 1252 Inactive
A1g (S) 1285 1 1280 1 Raman (x2 + y2, z2)
E1g (D) 1319 0.18 1338 0.1 Raman (yz, xz)
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the samples PID 1–3 are 10 nm, 20 nm and 100 nm, respectively (see
Table S4 in the Supplementary data).

In order to elucidate the origins of the Raman spectra for the cubic
diamond and lonsdaleite, the first-principles studies are performed
and the results are listed in Table 3 and plotted in Fig. 5(a). Since
the strong ZPL bands in our samples may affect the exhibition of the
refined spectrum structures in the sp3 carbon phases, the experimen-
tal Raman spectrum for the diamond–lonsdaleite system by the HPHT
process [41] is adopted to compare with the calculated results. Clear-
ly, their perfect agreement is achieved, not only for the peak posi-
tions, but also for their intensity ratio, after aligning the calculated
Raman active peak of cubic diamond with the experimental position
by entirely shifting the calculated spectra upward to the higher energy
by 17 cm−1 (~2 meV). The very small discrepancy might be due to the
difference between the simulated and experimental conditions such as
temperature and stress present in samples. In all optical models only
the A1g, E1g and E2g modes at 1302, 1336 and 1223 cm−1 (after correc-
tion), respectively, are Raman active in lonsdaleite (see Table 3).

Fig. 5(b) displays the atomic vibrational modes with Raman activity
for cubic diamond and lonsdaleite. The Alg and E1gmodes for lonsdaleite,
correspond to the triply-degenerate stretching mode of cubic diamond
T2g which splits into a component vibrating perpendicular to and a
Fig. 5. (a) Calculated Raman spectra for 2H lonsdaleite and 3C cubic diamond, and experim
process from crystalline natural graphite from the Zavalye deposit [41]. The perfect agreem
both calculated spectra upward to the higher energy by 17 cm−1 (~2 meV). The inserted
1400 cm−1. In the experimental spectrum, the peaks at 867 cm−1 and 1590 cm−1 are attrib
in lonsdaleite and cubic diamonds.
component in the plane of the hexagonal layers, respectively. Unlike
graphite, the bonding strength of hexagonal diamond along these two
directions is comparable, so the wavenumber separation between the
Alg and E1g modes is expected to be small. In analogy to wurtzite, the
third Raman band of E2g symmetry is a shear mode and occurs in the
low wavenumber region. Like cubic diamond, the hexagonal diamond
structure has no first order infrared absorption.

3.4. Photoluminescence spectra

Fig. 6 exhibits the typical low-temperature photoluminescence
spectra of impact diamonds at 4.6 and 6.9 eV excitations using syn-
chrotron radiation. Both PL spectra can be decomposed as at least
three individual components (their positions and FWHM see Table
S5 in the Supplementary data). The low energy components at 2.06
and 2.38 eV are dominating at 4.6 eV excitation, whereas a high ener-
gy component at 2.84 eV is more intense at 6.9 eV excitation (Fig. 6).
As a result the PL emission is bluish-white at 6.9 eV excitation and
white-yellow at 4.6 eV excitation. Similar broad bands near 1.8 and
2.8 eV were observed as well in CL spectra of impact diamonds at
80 and 300 K [12].

A specific feature of the PL spectra of impact diamonds including
those from Popigai astrobleme is the broad band emission and excita-
tion spectra with FWHM ~ 100 nm (0.4 eV) whereas vibronic sys-
tems with the well-pronounced narrow ZPLs are typical for both
natural kimberlite and synthetic cubic diamonds. These PL bands are as-
sociated with the well-known vibronic systems N3, H3 and 575 for
cubic diamonds [13]. These systems are due to nitrogen–vacancy com-
plexes N3V, VN2V andNV0, where N is a nitrogen atom and V is vacancy.
The ZPLs are located at 2.985 eV (415.2 nm), 2.463 eV (503.2) and
2.156 eV (575 nm) whereas broad bands maximums are at 2.81, 2.6
and 2.05 eV, respectively [13]. Absence of fine structure in examined di-
amonds is supposed to be a result of (i) nanocrystallized structure of
impact diamonds and (ii) strong deformations in the lattice at solid
state phase transition. Parameters of the shock process during the
Popigai event were estimated to be the following: pressure of ~35 to
50 GPa, temperature up to 3000 °C and process duration of ~1 s [9].
On the other hand broad band PL without any fine structure in the
550 to 800 nm range centered at ~2.0 eV (~620 nm) was observed
also in many studies of amorphous hydrogenated carbon material
(a-C:H) [51,52], CVD diamond films and polycrystalline diamonds: all
ental results for the 3C–2H diamond system which have been produced in the HPHT
ent between the calculated and experimental spectra is achieved by entirely shifting
figure displays the detailed spectra in the wavenumber region from 1100 cm−1 to

uted to graphite in the samples [41]. (b) Atomic vibrational modes with Raman activity
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Fig. 6. Photoluminescence spectra of impact diamond from thePopigai astrobleme, recorded
at 4.6 eV (270 nm) excitation (a) and at 6.9 eV (180 nm) excitation (b). Т = 8 K. Spectral
resolution is 0.02 eV (~2 nm). Results of decomposition to Gaussians are shown by thin
solid lines. Parameters of Gaussians are given in Table 2.
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these materials possess a random network of sp2 and sp3 bonding
configuration [53]. One associates such broadband PL just with sp2

amorphous-like carbon bonding in the diamond lattice.
In high resolution PL spectra recorded with a 514.5 nm excitation

we observed sometimes a doublet of narrow lines near 1.7852 eV
(694.3 nm) and 1.78888 eV (692.9 nm) with FWHM ~ 0.5 nm
(~1 meV), both in the strongly luminescent transparent PID samples
and gray to black PIDs with weak PL (see Fig. S6 in the Supplementary
Fig. 7. Photoluminescence excitation spectra for 2.9 eV (430 nm, curve 1) and 2.14 eV (580
spectral range are given in the insert. Vertical line in the insert shows the band gap for cub
data). In some transparent PIDs there was also a structured Raman
spectrum related to other minerals, whereas in gray PIDs, one could
observe only this doublet in PL. We suppose that these two lines are
R1 and R2 lines corresponding to electronic transitions 2E ➔ 4A2 in
Cr3+ ions. These spin-forbidden transitions are typical of many min-
erals and their position very weakly depends on crystal field [54].
This moment it is not clear where are these Cr3+ ions located in im-
pact diamonds: most likely they are point defects in mineral inclu-
sions although we cannot exclude a version that they are inside sp3

nanodiamond domains or at least between the grains. We observed
also a slightly pronounced structure in the 600–700 nm range follow-
ing Ref. [5] and it will be a subject of further investigation.

PL excitation spectra for high energy 2.84 eV component and low
energy 2.1 eV components, measured at 2.9 and 2.14 eV, respectively
are shown in Fig. 7. One can see that blue 2.9 eV emission is excited at
photon energies of hν > 5.0 eV in a broad band centered at 6.25 eV.
Yellow to orange PL is excited not only in a broad 6.6 eV band but also
in two broad bands with maximums at 2.4 and 3.0 eV. It is obvious
that hν > 5.0 eV excitation corresponds to band-to-band electronic
transitions whereas 2.4 and 3.0 eV bands are due to intracenter transi-
tions from ground to excited state transitions in two different point de-
fects, respectively. These two bandsmay be related to abovementioned
575 and H3 centers when their spectra are strongly broadened because
of residual stresses. The 8 eV band in the luminescence excitation spec-
tra (Fig. 7) is associated with direct allowed electronic transitions. De-
crease of the PL intensity behind the fundamental absorption edge is
explained usually bynonradiative recombination on the sample surface.
Maximums at 21.7 and 38 eV reflect features of state density distribu-
tion in the depth of valence and conduction bands.

4. Conclusions

i. Impact diamonds were found to consist of different carbon phases:
cubic and hexagonal diamond (sp3-bonding from X-ray structural
analysis) as well as amorphous, crystalline and disordered graphite
(sp2-bonding, Raman scattering). The sizes of graphite domains
vary from 10 to 100 nm.

ii. Fundamental absorption edge for Popigai impact diamonds is
shifted ~0.5 eV to lower energies in comparison with kimberlite
nm, 2) emissions in impact diamonds. T = 8 K. Details of these spectra in the 2 to 8 eV
ic diamond (5.5 eV).

image of Fig.�6
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diamonds (5.47 eV) as a result of the cubic diamond + lonsdaleite
structure. Ab initio calculations gives band gap Eg values 5.34 and
4.55 eV for cubic (3C) and hexagonal (2H) diamonds, respectively.
Yellowish color of impact diamonds is likely due to Rayleigh light
scattering on structural defects (block and phase boundaries).

iii. Absorption of cubic diamond lattice dominates in the 1800 to
2800 cm−1 range in impact diamonds. Absorption intensity at
1995 cm−1 in impact diamonds is close to 12.3 cm−1, the typical
value of cubic diamonds. There is no absorption of nitrogen defects
in the one-phonon region in the mid-IR, but there is a set of new
bands at 969, 1102, 1225, and 1330 cm−1.

iv. Mineral inclusions such as quartz, magnetite, hematite were found
in impact diamonds using the Raman spectroscopy. The high energy
shift in the peaks position indicates the residual stresses ~ several
GPa. Narrowwell-resolved R1, 2 lines in PL spectra indicate the pres-
ence of Cr3+ impurity in impact diamonds supposedly inmineral in-
clusions. The vibration modes from cubic diamond and lonsdaleite
were elucidated by the first-principles studies.

v. In most of impact diamonds from the Popigai astrobleme PL spectra
are a superposition of broad bands centered at 2.1, 2.38, and 2.84 eV.
All emissions are excited at band-to-band electronic transitions
(at hν > 5 eV) whereas PL in the low energy component can be
excited in 2.4 and 3.0 eV bands. This is the intracenter recombina-
tion processes supposedly in the 575 (NV) and H3 centers (NVN).

Prime novelty statement

The optical properties of impact diamonds from the Popigai
astrobleme, one of the largest meteorite craters in the world, have
been systematically studied. The mechanisms of the absorption,
photoluminescence and Raman spectra in the samples are elucidated
from the advanced experimental spectroscopy measures combined
with the state-of-the-art first-principles theory.
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