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Raman activity of sp3 carbon allotropes under pressure: A density functional theory study
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Raman spectroscopy is a powerful tool to study the intrinsic vibrational characteristics of crystals, and,
therefore, it is an adequate technique to explore phase transitions of carbon under pressure. However, the
diamond-anvil cell, which is used in experiments to apply pressure, appears as a broad intense feature in the
spectra. This feature lies, unfortunately, in the same range as the principal modes of recently proposed sp3

carbon structures. As these modes are hard to distinguish from the diamond cell background, we analyze all
Raman-active modes present in the sp3 carbon structures in order to find detectable fingerprint features for an
experimental identification.
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The phase transition in compressed graphite has been
thoroughly studied since pioneering works in the 1960s.1–5

Experimental evidence suggests that graphite undergoes a
phase transition to a superhard phase in the range of 10 to
20 GPa.6,7 From the theoretical side, the pressure-induced
phase transition of graphite has also been intensively studied.8

In particular, sophisticated ab initio crystal structure predic-
tion methods, such as evolutionary algorithms,9–11 random
sampling,12,13 particle-swarm optimization,14 and the minima
hopping method,15,16 have also been employed to discover sev-
eral possible crystal structures of carbon. These include three-
dimensional arrangements of carbon nanotubes,17 superdense
and superhard carbon allotropes,18–20 hybrid sp2-sp3 diamond-
graphite structures,21,22 M-carbon,23 BcT carbon,24,25 W -
carbon,26 and Z-carbon,27–29 to name a few. As most of the
proposed sp3 structures become more stable than graphite
in the range of 10–20 GPa, any of them could explain
the experimental observations. A few attempts have been
made to clarify this situation, in which the focus has been
on the electronic structure and on optical and mechanical
properties.30 However, none of the results is fully convincing,
and the structure behind the observed phase transition remains
ambiguous.

One of the most significant features of Raman spectroscopy
is that it provides an unique fingerprint of the intrinsic vibra-
tional properties of a crystal. Therefore, Raman spectroscopy
is an adequate technique to explore the phase transitions
of compressed graphite. However, complications arise from
the diamond-anvil cells commonly used in high-pressure
experiments: the T2g optical mode of cubic diamond leads
to an intense and broad feature at 1332.5 cm−1 (at ambient
conditions), and this extends to higher frequencies as pressure
is increased. Unfortunately, this feature lies in the same
spectral range of the principal Raman-active modes of the
recently proposed sp3 carbon structures. Therefore, just by
looking at frequencies around the diamond peak, it is very
hard to distinguish a possible signal coming from the sample
from the background signal of the cell.

In addition to the principal vibrational modes, all proposed
phases have several other Raman-active modes. As these

structures belong to different crystal families (e.g, monoclinic
or orthorhombic), lattice vibrations are different and therefore
can exhibit different Raman activity. Moreover, the evolution
of the modes with respect to increasing pressure provides
additional information to compare with experiments. In this
article, we present all first-order Raman-active modes and
their pressure dependence for recently proposed sp3 carbon al-
lotropes. We furthermore present nonresonant Raman spectra
calculated at high pressure. Our results provide fingerprints for
an experimental confirmation of the structural transformation
in compressed graphite.

The ensemble of carbon structures studied in this work
is shown in Fig. 1. We include, as reference systems,
cubic diamond (Fd-3m) and hexagonal diamond (P 63/mmc).
Furthermore, we study the recently proposed sp3 carbon
allotropes: (i) M-carbon,23 a monoclinic system (C2/m) with
8 atoms per primitive cell; (ii) BcT carbon,24,25 a tetragonal
system (I4/mm) with 4 atoms per cell; (iii) W -carbon,26 an
orthorhombic system (Pnma) with 16 atoms per cell; and
(iv) Z-carbon,27 an orthorhombic system (Cmmm) with 8
atoms per primitive cell.

Our calculations were performed using density-functional
theory with the ABINIT package.31 We used Troullier-Martins
pseudopotentials32 and the local-density approximation (LDA)
to the exchange-correlation functional. The choice of the LDA
is related to the fact that this functional performs well for both
sp2 and sp3 carbon. Results obtained with the Perdew-Burke-
Ernzerhof exchange-correlation functional33 can be found in
the Supplemental Material.34 The plane-wave cutoff energy for
all runs was 30 hartree, and k-point meshes were constructed
with the Monkhorst-Pack scheme: 8 × 8 × 8 for 16-atom cells,
12 × 12 × 12 for 8-atom cells, and 16 × 16 × 16 for 4-atom
cells. Phonon and Raman calculations were performed within
density-functional perturbation theory as implemented in
ABINIT.35–37 The Raman activity of the crystals was determined
by group-theoretical selection rules based on the space group,
the mode symmetry, and the atomic sites. The nonresonant
Raman intensities were averaged isotropically to obtain the
powder spectra,38 which was broadened by a Lorentzian with
half width at half maximum of 10 cm−1.
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FIG. 1. (Color online) Carbon structures with the sp3 tetrahedral
bond studied in this work: cubic diamond, hexagonal diamond,
M-carbon (monoclinic), BcT carbon, W -carbon (orthorhombic), and
Z-carbon (orthorhombic).

Our main results are summarized in Fig. 2, where we
present the zone-center, Raman-active phonons of the selected
structures as a function of pressure. Shaded (green) areas in the
panels mark the experimental evolution of the diamond-anvil
cell background up to the pressure of 35 GPa.39,44 We remark
that the diamond signal and its pressure evolution have been
extensively studied both experimentally and theoretically.39–45

The Raman-active modes, their pressure coefficients, and
Grüneisen parameters are also given in the Supplemental
Material.34 In panel (a) of Fig. 2, the solid black line represents
the calculated optical mode of cubic diamond, T2g . The dashed
blue lines are modes characteristic of hexagonal diamond,
whose mechanical representation is �Hex = A1g + E1g + E2g .
Note that our calculations are in good agreement with
previously reported values.45–47 For BcT carbon the Raman-
active modes are �BcT = A1g + B1g + B2g + Eg and are also
shown in panel (a). The A1g mode is a longitudinal optical
mode vibrating at 1350 cm−1 at 0 GPa, a frequency higher
than the T2g mode of cubic diamond and with a larger variation
with applied pressure. Other features present in BcT carbon
are the B1g mode and the Eg mode, the latter stemming from
the doubly degenerate in-plane vibration of the four-member
carbon rings (squares) present in the structure. These modes are
below the diamond area and should appear as a small shoulder
in Raman measurements above a pressure of 18.4 GPa—the
pressure at which this structure becomes more stable than
graphite.24

Panel (b) of Fig. 2 shows the Raman modes of M-carbon,
�M = Ag + Bg . Two modes can be used to fingerprint the

FIG. 2. (Color online) Calculated Raman-active modes of the sp3 carbon structures studied in this work as a function of pressure: (a) cubic
diamond, hexagonal diamond, and BcT carbon; (b) M-carbon (monoclinic); (c) W -carbon (orthorhombic); and (d) Z-carbon (orthorhombic).
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FIG. 3. (Color online) Raman spectra calculated for sp3 carbon
allotropes at 20 GPa. The green area represents the experimental
evolution of the diamond peak under pressure. Only principal modes
are labeled.

structure: The highest Ag mode is an in-phase mode which
appears above the diamond zone with a pressure dependence
similar to the T2g mode of cubic diamond; the Bg mode
at 680 cm−1 is an antiphase vibration which has sublinear
pressure dependence; i.e., it is a tough mode.

The Raman modes of W -carbon are �W = 2Ag + B1g +
2B2g + B3g , and for Z-carbon �Z = 4Ag + 4B1g + 2B2g +
2B3g [see panels (c) and (d), respectively]. Note that these
two crystals belong to the same point group. The Ag mode
is the usual in-phase mode and the Bg is a nondegenerate
antiphase mode (the number in subscript refers to how
the mode transforms with respect to the different mirror
planes). A significant feature in W - and Z-carbon is that these
two structures possess Raman-active modes at frequencies
lower than the rest of the sp3 structures. The lowest vibrations
and Raman-active modes of W -carbon are the Ag and the
B3g modes at around 427 cm−1, and the lowest modes on
Z-carbon are the B3g and the B1g modes at around 525 and
570 cm−1, respectively. These modes have a sublinear pressure
dependence and could be distinguishable in experiments.
However, the B-type modes are active only along certain
directions of crystal symmetry and polarization conditions.
Therefore, they are harder to explore experimentally.

In Fig. 3 we show the first-order Raman spectra calculated
for different sp3 carbon structures at 20 GPa. BcT carbon
presents two modes with relatively large intensities which
lie outside the diamond zone: the A1g at 1420 cm−1 and
the B1g at 1127 cm−1. For M-carbon the modes with larger
scattering efficiency are those with Ag symmetry at 913, 1273,
and 1472 cm−1. For W -carbon the mode with the highest
scattering efficiency is just above the diamond zone at 20 GPa.
This phonon has Ag symmetry and a frequency of 1320 cm−1.

Finally, Z-carbon exhibits three large peaks at 1125, 1390
(above the diamond zone), and 1250 cm−1 (the principal
mode).

Finally, we would like to discuss the possibility of the
existence of these sp3 structures in μ-Raman-scattering exper-
iments of meteorites.48 The samples are essentially constituted
by hexagonal-like structures (lonsdaleites) of carbon; however,
several “uncategorized” peaks are present in their spectra.
These spectra exhibit a peak at around 430 cm−1 (very broad,
extending up to 510 cm−1), together with a weak peak at
800 cm−1. From our results we can speculate that the first
broad feature is consistent with a mixture of W - and Z-carbon,
while the second could come from M-carbon. However, these
meteorite samples contain a large quantity of impurities and
the interpretation of the spectra is delicate. Moreover, another
series of sharp peaks in the Raman spectrum is systematically
observed at 500, 1140, and 1132 cm−1 in carbon thin films
deposited by chemical vapor deposition, where the sp2-sp3

content varies. Note that the most interesting feature, a narrow
vibration at 1150 cm−1, is again consistent with the formation
of microdomains of sp3 carbon structures within the sample
(see Fig. 3). These experimental peaks have been up to now
interpreted as coming from the formation of “nanocrystalline”
diamond.49–51

In summary, in order to distinguish the several sp3

structures by Raman experiments we propose the use of the
following fingerprints: (i) For BcT carbon the most important
mode is the B1g mode at 1124 cm−1, that should appear at
above 18.0 GPa; (ii) M-carbon can be identified by the Ag

mode at 900 cm−1 at around 13.5 GPa; (iii) for W -carbon
the Ag mode is at 1300 cm−1, i.e., below the diamond zone,
at more than 12.3 GPa; and (iv) finally, the transition to
Z-carbon at 10 GPa can be identified by the Ag modes at
around 1220 and 1090 cm−1. We should emphasize that the
calculated frequencies and transition pressures contain an error
caused by the theoretical framework. Therefore, a positive and
incontestable determination of the structure of compressed
graphite will require the identification of several peaks in
different frequency ranges. Our results can, however, serve
as a useful guide for experimentalists performing this difficult
task.
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