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Theoretical Raman spectrum of boron carbide B4.3C under pressure
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Laboratoire des Solides Irradiés, CEA/DRF/IRAMIS, École Polytechnique,
CNRS, Institut Polytechnique de Paris, 91120 Palaiseau, France

The most striking features of the Raman spectrum of boron carbide under pressure are explained
theoretically by computing the Raman tensor using density functional perturbation theory and the
second-order response. While the observed pressure-induced changes in frequencies and intensities
of all of the peaks above 450 cm−1 are convincingly explained by the vibrations of (B11C) icosahedra
and C-B-C chains - that have been identified for long as the two main components of the atomic
structure of pristine B4C -, the puzzling non-monotonic behavior of a broad Raman band at low
frequency, whose intensity increases under pressure up to 44 GPa, decreases and then vanishes, was
so far unexplained. We find that the behaviour under pressure of both the frequency and intensity
of this band turns out to be remarkably accounted for, in the calculations, by the activation of the
chain bending mode in atypically flexured chains. We show that the flexion of the chain occurs at
high pressure in presence of interstitial B atoms that, at ambient pressure, sit in the prolongation
of standard C-B-C chains. We propose the ambient-P mode observed at 270 cm−1 as a fingerprint
for the identification of both such B-C-B-C chain-defects in boron carbide and local deviations from
the rhombohedral symmetry.

PACS numbers: 78.30.-j 63.20.-e 63.20.D-

I. INTRODUCTION

Boron carbides are semiconducting materials well
known for their remarkable properties such as their large
electronic band gap, their ability to absorb neutrons, and
their high values of the melting temperature, bulk mod-
ulus, hardness and Hugoniot elastic limit, specially for
atomic carbon (at. C) concentrations close to 20% [1].
However, despite decades of investigations, the nature of
disorder in samples of boron carbide is still a matter of
debate. The ordered theoretical ground state at 0 K is
found to be the monoclinic (B11C

p)C-B-C atomic struc-
ture (figure 1a), composed of (B11C

p) icosahedra linked
together directly through their polar sites (p), and indi-
rectly though C-B-C chains bonded to their equatorial
sites (e) [1–4]. However, the 20% at. C concentration
phase, known as B4C

p, which has by far the lowest for-
mation enthalpy in the density functional theory (DFT),
has never been reached experimentally [5]. Instead, the
maximum carbon concentration in the so-called homo-
geneity range observed in the phase diagram (which is
known only above 1000° C) [6], is ≈ 18.8%, leading to
the B4.3C stoichiometry [5]. The fact that the maximum
reachable concentration is not the one theoretically ob-
tained at 0 K suggests that, with respect to B4C

p, some
changes in the icosahedral and chain building blocks take
place at high temperature.

The unknown B4.3C structure can only be synthe-
sized at high temperature. It apparently remains un-
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changed while cooling down the samples to the ambi-
ent temperature, possibly because of very large kinetic
barriers that stabilize high temperature configurations.
For instance, occurrence of the polar substitutional dis-
order, called 6P disorder, where the carbon atom in each
(B11C

p) icosahedron is statistically distributed among
the 6 equivalent polar positions, is expected at finite T
and leads to the R3m symmetry [3, 4, 7].

Other configurations that modify the stoichiometry
have also been proposed: some (B11C) icosahedra can be
replaced by (B12) [8] or (B10C2) [9] ones, and/or some
C-B-C chains can be replaced by the linear B-C-B-C [10]
(figure 1b), the pantographic C⟨BB⟩C [11] (figure 1c) or
B⟨BB⟩B [12] (figure 1d) configurations, where ⟨BB⟩ stands
for two interstitial atoms in the Wyckoff site of the aver-
age rhombohedral structure [13]. Beside the modification
of the chain itself, the three latter defects also involve the
modification of three neighboring icosahedra, which are
(B12) instead of (B11C). They will nonetheless be called
”chain-defects” in the following, for simplicity. In addi-
tion, other chain defects like the C-B-B [15], C-C [16] and
C□C [17] chains, where □ stands for vacancy, have also
been proposed.

Interestingly, B⟨BB⟩B and C-B-C-B chains have been
observed by high-resolution transmission electron mi-
croscopy [10] (HRTEM). Moreover, they have been shown
to have the lowest DFT formation energy in ordered
structures of 414 atoms, at respectively the 8.7% and
13.04% at. C concentrations, thus defining the theoret-
ical convex hull at 0 K [13]. It is then highly probable
that at least one of these building blocks is present in
the B4.3C structure, however, the identification of such
defects by spectroscopic means supplemental to HRTEM
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(a) B4C unit cell c=20%
E>hull=0.0 meV/at.

(b) B-CBC +3B12 defect
c=19.21% E>hull=1.0 meV/at.

(c) C⟨BB⟩C +3B12 defect
c=19.21% E>hull=1.6 meV/at.

(d) B⟨BB⟩B +3B12 defect
c=18.72% E>hull=2.5 meV/at.

FIG. 1. Atomic structures of B4C (panel a) and of the three complex defects that have the lowest formation energy when
introduced in a supercell of B4C: the C-B-C-B chain [14] (panel b); the pantographic C⟨BB⟩C [11] (panel c); the pantographic
B⟨BB⟩B [12] (panel d). Grey and blue balls: boron atoms. Red balls: carbon atoms. c is the carbon concentration in the 3×3×3
supercell and E>hull the formation energy of the supercell with respect to the formation energy of the convex hull at c [11, 13].
The other chain defects studied in the present work are not illustrated.

and DFT is still lacking.

In fact, due to its high precision, Raman spectroscopy
has also been used under high hydrostatic pressure to
try and unveil the atomic structure of B4.3C, with how-
ever limited success. The measurements that have been
performed up to respectively 36 GPa [18], 50 GPa [19]
and 70 GPa [14, 20] have shown that: (i) A peak ap-
pears above 20 GPa around 1000 cm−1 (marked as ”ap-
pearing peak” in figure 2, and highlighted by the orange
dashed box in figure 3); (ii) The two narrow, harmonic,
peaks at 480 cm−1 and 580 cm−1, which are character-
istic of boron carbide at ambient pressure and enable
one to identify B4C in polyphased samples [21], are also
present at any pressure; They are respectively induced by
the chain rotation and by the icosahedral libration [3, 4]
named pcr and lib in figure 3; (iii) All of the frequen-
cies above 450 cm−1 have positive monotonic Grüneisen
coefficients throughout the whole pressure range.

In wide contrast, a broad Raman band at low fre-
quency has an intensity which increases up to 44 GPa,
decreases and then vanishes (figure 3). This band, which
we call the ”low frequency band”, is dominated under
pressure by a peak initially at 270 cm−1, whose frequency
remarkably decreases down to 212 cm−1 at 44 GPa, in-
creases above 44 GPa and then remains constant (fig-
ure 2). The origin of this band has so far remained unex-
plained [22, 23], despite several suggested hypotheses like
surface effects [24], the activation of the infrared active
C-B-C chain libration modes observed at the same fre-
quency [24], the presence of the pantographic B⟨BB⟩B [25]
or C-B-B [26] defects. As we will show, none of these hy-
potheses can explain the non-monotonic behavior under
pressure of the low frequency band. To summarise, Ra-
man spectra of boron carbides under pressure in general,
and the low frequency band in particular, are presently
the subject of very active debates [22, 23, 26–29], due
to their crucial importance for the understanding of the
phase diagram of boron carbides.

Turning to theory, Raman spectra can nowadays be
computed with an extremely high reliability with ab ini-
tio methods in high performance computing environ-
ments (HPC), and enable a straightforward interpreta-
tion of the (complex) experimental results, through the
comparison not only of the measured mode frequencies
and intensities, but also with their variation with pres-
sure. In the present work, the theoretical Raman spec-
tra of (B11C

p)C-B-C in presence of each of the above-
mentioned defects have been calculated from 0 to 70 GPa
and compared to the experimental spectra. We show that
all of the high frequency modes, including the peak ap-
pearing around 1000 cm−1, are remarkably explained by
lattice vibrations of the (B11C

p)C-B-C ordered ground
state. We show moreover that the behavior under pres-
sure of the low frequency band can only be explained by a
bending mode of atypically flexured-chains, and that the
atypical flexion occurs in presence of an interstitial boron
atom, leading to B-C-B-C chain defects at ambient pres-
sure that undergo a flexion under pressure (figure 1b).
Therefore, the main text of this paper mainly focuses on
the B-C-B-C defect, while the results for other defects
are presented in the appendix A and B.

The technical details of the modeling and of the calcu-
lations are presented in section II with complements in
appendix B and B. The resulting Raman spectra at differ-
ent pressures are reported in section III. The behaviour
under pressure of the Raman peaks that are present in
undefective B4C are analysed in paragraph IIIA, with
details in appendix E and C. The low frequency band,
which turns out to be induced by the B-C-B-C defect, is
presented in paragraph III B, with detailed given on its
Grüneisen coefficients in paragraph III C. Conclusions are
drawn in section IV.
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FIG. 2. Vibrational frequencies of B4C
p as a function of

pressure for the 15-atom ordered monoclinic ground state,
(B11C

p)C-B-C calculated within DFPT-LDA and the second
order response. The area of the red disks is proportional to
the theoretical Raman intensity. Experiments on B4.3C from
Ref. 14. intra − ico: intra icosahedral vibration. inter −
ico: inter icosahedral. chain − s: chain stretching. In the
Cm space group, all the vibrational modes are in principle
Raman active, with however a small intensity for the ones
that correspond to IR active modes in the R3m space group,
which explains the red disks with a small area. Details can
be found in Ref. 30.

II. METHODS

A. Structures details

In this work, we have considered defective chains such
as C□C, C-C, C-B-B, B-C-B-C, C-C-B-C, the B⟨BB⟩B
pantograph, or the C⟨BB⟩C pantograph. The Raman spec-
tra of B4C with one such defect have all been calcu-
lated in 3×3×3 supercells containing between 404 and
406 atoms, depending on the studied defect. The mono-
clinic (B11C

p)C-B-C building block presented in figure 1a
has been used 27 times. When the supercell is defined as
ordered, the substitutional position of the carbon atom in
the icosahedron is the same from one icosahedron to the
other. On the contrary, in 6P -disordered supercells, the
position of the substitutional carbon atom in the icosahe-
dron has been varied from one icosahedron to the other,
so that the distribution of substitutional carbon atoms
is homogeneous in the supercell and avoids C-C bond
formation that would increase the internal energy [7, 23].
After relaxation of the lattice parameters of the supercell,
6P -disordered supercells have on average rhombohedral
cell parameters and an average R3m space group. In
fact, as one can see table I, the magnitude of the distor-
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FIG. 3. Theoretical Raman spectra between 0 and 70 GPa
for the B-C-B-C defect (B11C

p)24(B12)3(C-B-C)26(B-C-B-
C)1 (solid line). Experimental Raman spectra of B4.3C from
Ref. 14 (dashed line). Calculations performed in a 3×3×3
ordered supercell.

tion with respect to the rhombohedral average is much
smaller in 6P disordered supercells than in ordered ones.
The 6P disorder is thus a useful means to approach the
rhombohedral symmetry in the calculations.

To create the chain defect, the C-B-C chain in the
center of the supercell has been replaced by one of the
above-mentioned defective chains, whereas the surround-
ing (B11C

p) icosahedra have been changed to (B12) or
(B11C

p
2) ones in order to fulfill the Wade rule [31], which

ensures that the defective boron carbide is still a semi-
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Structure Nat E>hull c ar αr Fig.

Ordered elemental unit cell

B4C
p 15 0 20 5.10±0.10 65.79±0.59 2

(B10C
pCe)C-B-B 15 37.3 20 5.09±0.14 66.17±1.17 10

Defect in ordered B4C
p

B⟨BB⟩B+3(B12) 406 2.5 18.72 15.30±0.26 65.83±0.50 8a

C⟨BB⟩C+3(B12) 406 1.6 19.21 15.30±0.26 65.82±0.51 X

B-C-B-C+3(B12) 406 0.8 19.21 15.30±0.27 65.73±0.56 3

C-C-B-C+4(B12) 406 7.2 19.21 15.31±0.27 65.82±0.52 8b

Defect in 6P disordered B4C
p

No defects 405 9.5 20 15.29±0.00 65.79±0.00 9,8c

B⟨BB⟩B+3(B12) 406 11.7 18.72 15.30±0.00 65.85±0.03 X

C⟨BB⟩C+3(B12) 406 11.5 19.21 15.31±0.01 65.74±0.13 8e

B-C-B-C+3(B12) 406 11.3 19.21 15.31±0.01 65.82±0.02 12

(B12)C-B-B 405 13.3 19.51 15.29±0.03 65.86±0.03 8d

(B12)C□C 404 12.1 19.80 15.29±0.00 65.77±0.00 8f

C-C-B-C+4(B12) 406 16.3 19.21 15.31±0.01 65.83±0.02 X

C-C intra-ico 405 11.5 20 15.29±0.00 65.81±0.00 9

C-C inter-ico 405 12.4 20 15.29±0.00 65.80±0.00 9

(B10C
p
2)C-C 404 13.4 20.30 15.25±0.00 65.91±0.00 9

TABLE I. Modeling parameters of the defects and reference
to their Raman spectrum (last column). Nat is the number
of atoms in the ordered or 6P-disordered supercell. E>hull

is the formation energy (meV/at) calculated with respect to
the convex hull of the formation energy [11, 13] at the given
atomic carbon concentration c (%) at 0 K and 0 GPa. ar

and αr are respectively the average rhombohedral lattice pa-
rameter (Å) and angle (°) of the three supercell vectors. The
numbers with ± sign represent the magnitude of the distor-
tion in the supercell with respect to the rhombohedral aver-
age. The numbers in last column refer to the figures (figure
numbers) representing corresponding Raman spectra, present
in the main text of the present work, or in appendix A, X cor-
responding to no figure present.

conductor and avoids half-filled orbitals. This means that
each chain defect with excess electrons must be in the
vicinity of electron-deficient icosahedra, given that: the
arachno (B12) is deficient by two electrons, (B11C) by
one electron and (B10C2) is not deficient, while the C□C
chain has two excess electrons, C-B-C has one excess elec-
tron and the C-C and C-B-B chains do not have any
excess electron. The B-C-B-C chain, C⟨BB⟩C and B⟨BB⟩B
pantographs are particular cases: each of them stabilizes
3 neighboring (B12) icosahedra (figures 1d, 1b, and 1c).

We note that there are many possible combinations of
positions in which the (B12) can be linked to the defective
chain: all of them lead to a semi-conducting material and
the conclusions of the present work do not depend on the
particular combination. In our model, the combination
of (B12) positions that is used is the one that has the
lowest formation energy (figure 1 and table I). We point
out that the electron neutrality can also be achieved by
adding charges into the system [11].

B. Computational details

Total energy calculations have been performed using
the density functional theory (DFT) [32, 33] in the lo-
cal density approximation (LDA) [34] as implemented in
Quantum ESPRESSO [35]. A shifted Monkhorst-Pack
grid of 23 k-point has been used to sample the Brillouin
zone (BZ) [36]. The size of the plane wave basis set has
been limited with a cutoff energy of 80 Ry. All the lat-
tice parameters and atomic positions have been relaxed.
Second-order force constants have been calculated within
density functional perturbation theory (DFPT) [37] at
the BZ center (Γ) in order to obtain the frequencies ω
and eigenmodes of the dynamical matrix. All the stud-
ied structures are semi-conducting, which allows for the

evaluation of the Raman tensor
←→
A using the second or-

der response [38] (Appendix B).

Each Raman spectrum has been calculated at eight dif-
ferent pressures, in the range between 0 and 70 GPa. This
enables the evaluation of the slope of each frequency ω as
a function of the pressure P , known as the Grüneisen co-
efficient and defined as γ = −V

ω
∂ω
∂V , where V is the unit-

cell volume. It has been calculated by finite difference of
the frequency ω(P ) at P − 10 GPa and P + 10 GPa.

III. RESULTS

Remarkably, among all the defects computed in this
study, only the B-C-B-C chain with three surrounding
(B12) icosahedra (figure 1b) accounts for the experimen-
tally observed non-monotonic behaviour of low-frequency
peaks under pressure varying between 0 and 70 GPa (fig-
ure 3).

Indeed, a peak appears around 187 cm−1 when pres-
sure is increased (indicated by red arrows in figure 3).
The intensity of this last peak reaches a maximum at
40 GPa, and then decreases beyond 40 GPa. Character-
istics of this defect-mode with non-monotonic behaviour
under pressure are detailed in table II (right hand side),
and will be discussed further below.

The second noticeable feature is that a peak around
1000 cm−1 appears under pressure, in the sense that its
intensity drastically increases with increasing pressure
(see the area in orange dashed box in figure 3). The
appearance of the high-frequency peak is a property of
non defective boron carbide (B11C

p)C-B-C, as we find
the same appearing peak in the simple calculation with
15-atoms (figure 2).

Calculations of figure 3 are our main result and account
for all of the experimental observations. In the following,
we first discuss the high-frequency part of the Raman
spectra, and in particular the origin of the peak around
1000 cm−1. Then we will show that the peak around
187 cm−1 is due to the B-C-B-C chain defect.
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Pressure

0 GPa
ωth

γth

50 GPa
ωth

γth

(a)

Intra-I Intra-I Intra-I Inter-I Chain

Eq-Eq Pol-br Eq-br Sym Sym

719 699 994 1071 1096

1.01 1.30 0.76 1.32 1.00

833 841 1074 1336 1250

0.91 1.02 0.44 1.38 0.90

(b) A1g

lib pcr Intra-I Intra-I Intra-I Inter-I Chain

Eq-Ch Pol-Eq Eq-Eq Pol-Eq2 Asym Rot

536 488 768 841 815 1042 1131

0.37 0.40 1.09 0.97 0.94 1.36 1.28

562 517 885 995 927 1308 1359

0.37 0.39 0.89 0.96 0.91 1.20 1.21

(c) Eg

B-C-B-C

bending

187

-0.3

179

4.8

(d) Defect

TABLE II. Raman active frequencies ω (cm−1) and their Grüneisen coefficient γ calculated at 0 and 50 GPa. Intra− I: intra
icosahedral vibration (vib). Inter−I: inter icosahedral vib. Pol: polar atom vib. Eq: equatorial atom vib. Chain: chain mode.
Sym: symmetric. Asym: anti-symmetric. lib: libration of the icosahedra. pcr: pseudo chain rotation. br: breathing mode.

A. Analysis of the high-frequency spectrum

In this section, we focus on the interpretation of the
the Raman spectra for frequencies above 450 cm−1, i.e.
all the peaks at the exclusion of the defect peak (low fre-
quency mode). In fact, the analysis of the high-frequency
part of the Raman spectra does not require the introduc-
tion of any defects or disorder: the calculated Raman
peaks are common to all of the supercells studied in this
work (see appendix A, figures 8 and 9), as they origi-
nate from the (B11C

p)C-B-C ”building-block” which is
present more than 24 times in each 33 supercell we have
considered.

The progressive appearance of the peak around
1000 cm−1 (orange dashed box in figure 3) is due to the
mode which is called the ”breathing” of the hexagons
formed by the six equatorial atomic positions (labeled
”Eq-br” in table II and represented at 0 GPa in ap-
pendix E, figure 4a). The symmetry is A1g, the inten-
sity is quasi-zero at ambient condition, increases with
pressure mainly above 20 GPa. This is explained by the
fact that the pressure drastically reduces the distance be-
tween the equatorial atoms and the chain ends, so that
the ”breathing” of the hexagon leads to an interaction
with the chain (see the mode at 60 GPa in appendix E,
figure 4b), which induces a small chain stretching known
to be highly Raman-active. As the stretching increases
with pressure, the Raman intensity of the mode increases.

The Grüneisen coefficients of the 5 A1g and 7 degener-
ated Eg modes are presented in table II at 0 and 50 GPa.
They range from 0.33 for the icosahedral libration to 1.36
for the intericosahedral stretching modes (table II). Such
a wide range of pressure coefficients can be explained by
the fact that all the bonds do not contract in the same
way under pressure (see Appendix C).

B. Description of the defect mode

In the following, we focus on the low frequency peak
induced by the defect mode. This mode mainly corre-
sponds to the vibration of the boron atom in the center of

(a)

0 GPa

994 cm−1

Small Raman activity

(b)

60 GPa

1074 cm−1

High Raman activity

FIG. 4. Atomic displacement (green arrows) induced by the
A1g eigenmode around 1000 cm−1 called the ”breathing” of
the equatorial atoms (blue balls). The displacement is trans-
ferred to the carbon atoms at the chain ends under pressure.

the C-B-C chain in the presence of an interstitial B atom,
in the plane perpendicular to the chain direction (green
arrows in figure 5), which creates a dynamical bending
of the chain, known as the ”bending mode” [39].
The vibration induced by the B-C-B-C chain defect

has a low frequency and a Grüneisen coefficient that is
negative at 0 GPa and positive at 50 GPa (table II). This
is in wide contrast with all of the other modes for which
the sign of the Grüneisen coefficients are similar at 0 GPa
and 50 GPa.
The non-monotonic slope of the low frequencies ob-

served experimentally is remarkably accounted for by the
theory (figure 6, top panel). In particular, the ratio of
the frequencies at finite pressure to the frequency at am-
bient pressure (in the expt.) or at 0 K (in the theory) are
extremely close in the theory and experiment (figure 6,
insert panel) even though a slight shift of the absolute
frequency is found in the calculations. As shown in Ap-
pendix D, this shift is reduced by changing the type of
defect in the chain, with an interstitial carbon instead of
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(a) 0 GPa (b) 10 GPa (c) 20 GPa (d) 30 GPa (e) 40 GPa (f) 50 GPa (g) 60 GPa (h) 70 GPa

FIG. 5. Evolution of the B-C-B-C + 3(B12) defect atomic structure and of its eigenmode from 0 to 70 GPa in the ordered
supercell. The green arrows indicate the eigenmode of the defect that becomes Raman active in the low frequency domain .
Their size is proportional to the intensity of the eigenmode displacement. To avoid perspective misleading, the angles in the
chain and the size of the arrow are also given in figure 7 (top panel).
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triangles) and [14] (black squares). The inset represents the
experimental and theoretical frequencies relative to their re-
spective value at ambient pressure.

the interstitial boron atom for instant, i.e. C-C-B-C. We
find that the defect mode intensity is significant in the
ordered supercell, and weak in the 6P disordered super-
cell (appendix D, figure 12), hence, some local distortion
from the rhombohedral symmetry is necessary for the
defect mode to be observed. We expect that, for steric
reasons, any three-atom linear chain with an interstitial
atom of any kind in its prolongation has the same behav-
ior under pressure, i.e. undergoes a static flexion of the
chain that activates the dynamical bending mode. Also
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FIG. 7. Chain angle (top panel) and eigenvector modulus
(bottom panel) as a function of pressure in the ordered su-
percell. The modulus represents the ratio of the size of the
displacement of the interstitial boron atom (dashed red line)
and of the boron atom in the center of the chain (black solid
line) (as represented figure 5) by the total eigenvector dis-
placement. The evolution of the C-B-C chain angle is also
given.

in excellent agreement with the experiments, the mode
becomes progressively Raman active with a maximum in-
tensity at 40 GPa, and then becomes inactive for bigger
pressures (figure 6, bottom panel).

We thus conclude that Raman spectroscopy provides a
crucial means to detect B-C-B-C chain-defects in boron
carbide and also to detect local distortions and deviations
from the observed rhombohedral symmetry. It can be
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considered as a help in controlling the amount of such
defects in boron carbide.

C. Reason explaining the change of the Grüneisen
coefficient

The non-monotonic behavior can be understood with
the help of the pressure-induced variation of B-C-B-C
chain geometry (figures 5 and 7). As one can see in
figure 7, the presence of the additional atom in the in-
tericosahedral space changes the geometry of the chain
from linear at ambient pressure to flexured at higher pres-
sure. This is due to the additional atom that prevents
the intericosahedral volume reduction. Instead, the re-
duction of volume occurs through the flexion of the B-
C-B-C chains that mainly starts above 40 GPa. Con-
trastingly, the ”standard” C-B-C chains remain linear
at any pressure (figure 7, blue dashed curve). Below
40 GPa, the B-C-B-C chain is only slightly non-linear
(black solid curve) and its dynamical bending mode has
a negative Grüneisen coefficient, as the one of standard
C-B-C chains (Fig. 2). On the contrary, above 40 GPa,
the B-C-B-C chain is no more linear and its bonds then
shrink in the same way as for the other modes, implying
a positive Grüneisen coefficient for the bending mode.

IV. CONCLUSIONS

In conclusion, we have computed the Raman spec-
tra of boron carbide under high pressure, and demon-
strated that most of the observations concerning the Ra-
man spectra of B4.3C at different pressures can be nicely
explained by lattice vibrations of the atomic structure
of bulk pristine (B4C

p). Moreover, we have shown that
the presence of interstitial boron atoms induces a chain
flexion under pressure which remarkably explains the ob-
served non-monotonic change in slope and intensity of the
low frequency band under pressure, provided the environ-
ment has a local distortion. For the first time, this offers
an explanation that successfully encompasses all the key
characteristics of the spectroscopic measurements, pre-
cisely aligning with the B4.3C concentration observed.
We have found that while other kinds of chain defects

are possible contributors to the low frequency band, none
of them shows the unusual variation of frequency and
intensity under pressure. We thus conclude that Raman
spectroscopy provides a crucial means to detect B-C-B-
C chain-defects in boron carbide, and to identify local
deviations from the rhombohedral symmetry.
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Appendix A: Raman spectra of other defects

We present the theoretical Raman spectra of defects
whose low frequency part cannot explain the experimen-
tal data (figure 8). The main features of their atomic
structure are described in table. I.
Raman spectra have been computed for pressures vary-

ing from 0 to 70 GPa in 6P -disordered supercells for the
pantographic B⟨BB⟩B and C⟨BB⟩C chains, the linear B-C-B-
C, C-B-B and C□C chains under pressure varying from
0 to 70 GPa. These chain defects are known to have
a low formation energy (table. I). The Raman spectra
have new peaks at low frequency, however the behavior
of these peaks under pressure cannot explain the observed
low-frequency band.
Other common defects with a higher formation en-

ergy [30] are presented in figure 9 only at 0 GPa, because
no significant new peaks were distinguishable: inter and
intra icosahedral C-C bonds with 6P disorder, and the
C-C chain near a (B10C2) icosahedron.
The non-monotonic behavior has also been obtained in

the 15 atoms unit cell of (B10C
pCe)C-B-B as presented in

figure 10. We find that the flexion of the C-B-B chain un-
der pressure (not shown) increases the Raman intensity of
the C-B-B dynamical bending eigenmode, and that the
Grüneisen parameter becomes negative and then posi-
tive, like for the B-C-B-C defect. However, the reduction
of the Raman intensity is not observed above 40 GPa for
this structure. Moreover, the non-monotonic behavior
is not recovered when this atomic structure is placed in
a (B11C

p)C-B-C matrix to simulate the isolated defect.
this is due to the fact that, when the defect is isolated,
the unit cell volume is similar to the one of B4C. This
hinders the flexion of the three-atom chains under pres-
sure.

Appendix B: Raman analysis

A R3m 15-atoms unit cell of B4C has 5 A1g and 7
degenerated Eg Raman active modes. However, in the
3×3×3 supercells used here, the presence of the defect
leads to a reduction of their symmetries and hence
to slight shifts of the frequencies between each of the
15-atom building blocks. For this reason, there are 5×27
quasi A1g and 7×27 quasi Eg modes that are Raman
active, forming a total of 5+7 main peaks, each of them
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FIG. 8. Theoretical Raman spectra of the 3×3×3 rhombohedral supercell (B11C
p)C-B-C from 0 to 70 GPa containing various

kinds of defects. Panels a and b in ordered supercells. Panels c, d, e, f in 6P disordered supercells (table I).

being composed of 27 quasi identical signals. The names
used to specify each eigenvector are the ones described
in Refs. 30, 40, and 41. The Raman active tensors of the
R3m space group have the forms [42]:

A1ga · ·
· a ·
· · b


Eg1c · ·
· −c d

· d ·


Eg2 · −c −d

−c · ·
−d · ·
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FIG. 10. Theoretical Raman spectra of the 15 atoms unit
cell of (B10C

pCe)CBB from 0 to 80 GPa. The low frequency
mode for which the Grüneisen parameter is negative below
50 GPa and positive above is the chain bending mode. The
behavior of the mode intensity under pressure however does
not explain the experimental observations [14].

In our calculations, the defective supercells are in space
group P1 (#1), However, the 6P disorder restores on
average the R3m symmetry (space group #166), which
is expressed by the ”·” that are much smaller than in
the matrix obtain for ordered systems. The averaged
symmetry (A1g, Eg,...) of a vibrational mode calculated
in the P1 supercells is taken as the one of the vibrational
mode on which it has the highest projection among all the
ones calculated in a reference R3m supercell (containing
only (B12)C-C-C unit cells) and for which the symmetries
are well known.

The Raman intensity of each mode ν is calculated as

Iν ∝ |
−→
P i ·
←→
Aν ·
−→
P d|2

1

ων
(nν + 1) (B1)

where
−→
Pi (resp.

−→
Pd) is the incoming (resp. diffused)

polarization, and nν = [e
ℏων
kBT − 1]−1 is the Bose-Einstein

population of the ν-th phonon. The Raman tensor of the

ν-th mode
←→
A ν is defined as [38]:

Aν
lm =

∑
kγ

∂3Eel

∂El∂Em∂ukγ

wν
kγ√
Mγ

(B2)

where Eel is the DFT total energy of the system, ukγ

the atomic displacement of the γ-th atom in the k-th
cartesian direction, El is the l-th cartesian component of
a uniform electric field, Mγ the atomic mass and wν

kγ the
ν-th normal mode.
When experiments are performed on monocristals, the

ratio of the A1g and Eg intensities depends on the crys-
tal orientation. However, the experimental orientation is
generally not described in the literature. Hence, to be
more general, we chose to show the polycrystalline aver-
aged intensity, also averaged on the polarization in the
most common back-scattering geometry:

Iν =

∫ π

0

∫ 2π

0

∫ 2π

0

∫ 2π

0
Iν(θ, ϕ, λ, µ)sin(θ)dθdϕdλdµ∫ π

0
sin(θ)dθ

∫ 2π

0
dϕ

∫ 2π

0
dλ

∫ 2π

0
dµ

(B3)
where θ and ϕ are variables related to crystal orienta-
tion and λ (resp. µ) describes all the possible incoming
(resp. diffused) polarizations, orthogonal to the propa-
gation vector. The development of Eq. B3 gives [43]:

Iν =
nν + 1

15ων
[7
(
A2

xy +A2
xz +A2

yz

)
+ 4 (Axx +Ayy +Azz)

+AxxAyy +AxxAzz +AyyAzz]

(B4)

In addition to the natural broadening coming from the
polar disorder that slightly displaces the 5A1g+7Eg lines
in each of the 27 building-block cells, each peak has been
enlarged using a Gaussian function for which the full
width at half minimum (FWHM) is 10 cm−1, value ex-
perimentally measured for the two narrow peaks (pcr and
lib in figure 3).

Appendix C: Bond length contraction

The calculated bond-length contractions are in excel-
lent agreement with the measured ones (figure 11, top
panel). To compare them, we show the length contrac-
tion relative to the low pressure bond length (figure 11,
bottom panel). The Grüneisen coefficients can be inter-
preted with four mains trends (table II).
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(i) The largest relative bond length reduction is the
inter-icosahedral polar-polar one, and the corresponding
vibrations (Inter-I Sym and Inter-I Asym in table II)
consequently have the largest Grüneisen coefficients, all
above 1.2 cm−1/GPa.
(ii) The intermediate bond length reduction occurs
for the intra-icosahedral bonds (Intra-I polar-polar,
equatorial-polar and equatorial-equatorial bonds). The
corresponding vibrations consequently have intermediate
slopes around 0.9 cm−1/GPa.
(iii) The smallest bond reduction occurs for the bonds
between the atoms of the chain. However, the vibrations
of the chain also depend on six other bonds with atoms
in icosahedra (equatorial atom-chain atom bonds) that
undergo the second biggest contraction under pressure,
implying that Chain-Rot and Chain-Sym modes have
large Grüneisen coefficient.
(iv) The libration of the icosahedron (lib) and the
pseudo chain rotation (pcr) are not correlated to a bond
stretching vibration, but to an angular vibration of the
bonds surrounding respectively the icosahedra and the
chains. They are consequently less impacted by the
pressure: their Grüneisen coefficients are lower than

0.4 cm−1/GPa.

Appendix D: Origin of the large broadening

The fact that the two low frequency peaks form a broad
band is explained by the huge number of different envi-
ronments that the flexured chain can have, each of them
having its own frequency (figure 12): the 40 GPa low
frequency peak is not always at the same position. For
example, as explained in Sec. II A, three B12 icosahedra
are needed to compensate the charge of the B-C-B-C de-
fect. These three icosahedra can be located on each of
the eight surrounding icosahedra, making

(
3
8

)
possible en-

vironments. As another example, instead of the B-C-B-
C chain, one could find a C-C-B-C chain surrounded by
four (B12) (figure 12, black spectra), which also induces a
different position of the bending mode peak. Another ex-
ample is the charged state of the defect (figure 12, green
curve), that can goes up to 3+ when replacing the 3 (B12)
icosahedra by B11C

p ones. More generally, any intersti-
tial atom will induce a similar behavior.
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FIG. 12. Theoretical low frequency peak positions at 40 GPa
for different defect configurations.
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