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Abstract: Boron carbide, the simple chemical combination of
boron and carbon, is one of the best-known binary ceramic
materials. Despite that, a coherent description of its crystal
structure and physical properties resembles one of the most
challenging problems in materials science. By combining
ab initio computational studies, precise crystal structure deter-
mination from diffraction experiments, and state-of-the-art
high-resolution transmission electron microscopy imaging, this
concerted investigation reveals hitherto unknown local struc-
ture modifications together with the known structural alter-
ations. The mixture of different local atomic arrangements
within the real crystal structure reduces the electron deficiency
of the pristine structure CBC + B12, answering the question
about electron precise character of boron carbide and intro-
ducing new electronic states within the band gap, which allow
a better understanding of physical properties.

The binary phase in the system boron–carbon, with a large
and temperature-dependent complex shape of the homoge-
neity range between 8.6 and 18.8 at% of carbon, is known as
boron carbide.[1, 2] Preparation difficulties and the complexity
of the phase diagram are the reasons why in earlier
publications even two separated phases in this compositional
region were described.[3] First observed at the end of the 19th
century as a by-product during the reduction of boron oxide
with carbon or magnesium (in carbon vessels),[4, 5] boron
carbide has continued to attract the attention of researchers
and engineers for decades owing to its mechanical and
thermal properties. The Vickers hardness and fracture tough-
ness approaching the properties of diamond are the reason for
the nickname “black diamond” and for application as light-
weight protection.[6] Furthermore, boron carbide shows good
properties against neutrons, stability to extreme temper-
atures, ionizing radiation and most chemicals, all combined
with a low density. Consequently, multiple applications of
materials based on this substance were implemented since the

middle of the 20th century. The fascination for this material is
still so strong that it has even been supposed to be a high-
temperature superconductor.[7] Later, the thermoelectric
properties of boron carbide came into the focus of researchers
owing to the demand for efficient thermoelectric materials for
high-temperature applications,[8–13] including the manufactur-
ing of thermoelectric modules with boron carbide as the p-
type material.[14] To understand the intrinsic reasons for the
good thermoelectric performance, centimeter-sized single
crystals of this material were grown utilizing floating-zone
technology.[15]

In agreement with earlier results, these crystals show
a positive Seebeck coefficient, that is, p-type semiconducting
behavior (Supporting Information, Figure S1, top). Another
group of boron cage compounds, the rare-earth borocarboni-
trides RB15.5CN, RB22C2N, and Y1@xB28.5C4, was suggested as
a n-type boride-based counterpart to boron carbide.[16] During
this project it was recognized that the available theoretical
understanding of crystallographic and electronic structure of
boron carbide is not capable to reasonably explain the
discrepancy of the semiconducting behavior of single-crystal-
line samples (Supporting Information, Figure S1, bottom)
with the well-studied electron-deficient (hence metallic)
character of the prototype structure with 15 atoms in the
formula unit (CBC + B12) and 47 valence electrons in 48
valence states.[17, 18] The problem of the real structure of boron
carbide is a long-standing one.[19–22] More recent theoretical
studies[23, 24] suggest structural alterations as the reason for the
apparent contradiction above,[25,26] this was also supported by
the phonon spectra investigations.[27]

This knowledge was the starting point for the present
combined experimental and computational investigation of
local structural modification in boron carbide.

Three different cm-sized and mm-sized single crystals of
boron carbide were manufactured using known suitable
techniques, namely two independent preparations by float-
ing-zone melting[15] and one by growth from a Cu flux[28] (see
the Supporting Information for details). Chemical analysis
reveals 19.2(2)–20.2(5) at% C for floating-zone grown
crystals, and 19.2(3) at% C for Cu-flux grown crystal, being
close to the carbon-richest chemically justified composition
B4.33C of boron carbide (18.76 at% C). The crystal structure
was investigated for all three crystals using high-resolution
single-crystal X-ray diffraction data. The ordered model of
the crystal structure (composition B13C2) comprises empty
icosahedra B12 (boron atoms B1 and B2) interconnected by
B1@B1 bonds and interlinked to linear CB3C chains via the
B2@C bonds (Figure 1a,b).[28] The crystal structure refine-
ment for all three crystals studied herein revealed the
following common features:
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i) the boron position B3 in the CBC chain shows a reduced
occupancy down to 88 %;

ii) the carbon atoms replace a part of boron (up to 12%)
within the B12 icosahedra at the position B1.

These findings are in agreement with most modern crystal
structure investigations on boron carbide.[29–36]

In further details, the studied crystals differ markedly.
Positions of the additional maxima obtained in the difference
ED after refinement of the ideal structural pattern (Fig-
ure 1b) are shown in Figure 1c, and the distribution of the
difference density in the selected planes are presented in
Figures 1d–f. So, in the crystal structure of the specimen used
for thermoelectric measurements, the positions of the sub-

stituting boron and carbon atoms at the B1 site were spatially
resolved. Indeed, the distribution of the difference electron
density (ED) in vicinity of the B1 site reveals mixed
occupation of this site by boron and carbon atoms located
in slightly different positions (Figure 1e). Such a resolution
was impossible for the other two crystals. The difference ED
in the vicinity of the CB3C chain reveals additional maxima
(Figure 1 f). They may reflect different local atomic arrange-
ments:
i) carbon atoms in the chain occupy two different positions

depending of the presence or absence of boron at the B3
position;

ii) the chain is asymmetric owing to disorder (CBB or CCB;
however, the total picture remains symmetric owing to
the symmetry of the space group);

iii) the chain contains four instead of three atoms;
iv) the boron atoms of the chain are located out of the three-

fold axis, forming bent chains CBC or rhombi CB2C.

The magnitude of all further maxima in the difference ED
(in all crystals) was found to be at the noise level of the
Fourier series summation. The information obtained from our
structure refinements suggested different deviations from the
ideal structural motif in different crystals being in agreement
with the results of other studies.[30–37]

To shed light on the stability of local atomic arrangements,
a systematic quantum chemical study was performed. The
starting point is the B13C2 model with the prototype CBC +

B12 building-block arrangement (13.3 at% C, Figure 1 a). This
approach is originating from the experimental crystallo-
graphic data: the experimentally obtained space group R3̄m
yields this ordered composition only. Furthermore, the
investigation of individual chain defects is much more well-
defined and reproducible in an idealized CBC + B12 environ-
ment. This is due to the additional degree of freedom coming
from the carbon atom distributed in all the icosahedra in the
vicinity of a given chain in a CBC + B11C1 model with 20 at%
C. The characterization of chain motifs within CBC + B12

does not limit the applicability of the outcomes also for
carbon-richer compositions. The way how carbon atoms
distributed in icosahedrons near a chain modification affects
its defect energy to a notable but not significant degree.[38]

Thus we focus herein on the carbon-rich side of the composi-
tional range which is accessible for the single crystal growth
(compare with above). Increasing carbon concentration is
modeled by the gradual replacement of B12 icosahedra by
B11C1 or B10C2 units (see the Supporting Information). A
quite high number of possible local atomic arrangements
show higher energies of formation as the ideal CBC chain
configuration, and thus they are structure-defining for boron
carbide (Figure 2). Their energy ranking contributes to the
relative abundance at non-zero temperatures. Given the high
general stability of the covalent bonds and the high synthesis
temperatures of boron carbide (above 2000 K), a frozen-in
random distribution of the most favorable candidates may be
assumed.

Clearly, boron-rich configurations stand out as energeti-
cally favorable. Especially, the rhombi CB2C, BB2B, CB2B,
and the CBCB chain yield energies of up to 1.33 eV per group

Figure 1. Crystal structure of boron carbide: a) general arrangement of
the icosahedrons (B12) and interconnecting chains (CBC) in the
structure. b) Atomic arrangement in the ideal structural motif B13C2.
c) Positions of the maxima of the difference ED after refinement of the
ideal model (gray spheres). d)–f) Difference ED in the selected regions
of the crystal structure revealing local deviations from the ideal model:
d) in the (002) plane (z =0.5) crossing the B3 atom, revealing the
positions of boron in bent CBC chains or in rhombi CB2C; e) in vicinity
of the B1 atoms, visualizing the boron-by-carbon substitution in the
B12 icosahedron; f) in the CBC chain. The shortest B@B and B@C
distances are shown with gray lines (a–c); the scale step is 0.5 b, blue
isolines reveal the positive values, the red line shows the zero value
(d–f).
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lower as for the CBC chain. Boron-poor chains such as C&C
(&= vacancy) turn out to be unfavorable and should not be
abundant. Importantly, missing central atoms in the chains
(inferred from vibrational spectroscopy[39] and crystal struc-
ture refinements) are easily understood by the presence of
rhombi BB2B, CB2B, CB2C, or bent chain entities. The often
suggested CCC or CCB configurations are found to be high in
energy and thus rather unfavorable. Another surprising
finding is that the bent CBC chain is energetically less
favorable as the other potentially stable configurations
illustrating the overall instability of the prototype structure.

A new rather abundant atomic arrangement was found
with the additional boron position on top of the chain (CBCB
motif). As opposed to all other (favorable) chain motifs, it

leaves the CBC chain intact and lowers its asymmetric
stretching mode by 100–200 cm@1, consistent with the red-
shifts of the stretching frequencies in vibrational spectra.[39]

To confirm the presence of the theoretically identified
stable local atomic configurations in the real material, a high-
resolution electron microscopy study was performed on the
single crystal grown by floating-zone melting, used for the
diffraction experiment and thermoelectric measurements. In
the crystallographic direction [211], the icosahedra and,
separately, the chains are projected onto each other, yielding
the best view (Figure 3 b). Strong disorder is noticed, since the
observed contrast in the regions of icosahedra and chains
varies from unit cell to unit cell (Figure 3a) and practically
never can be interpreted using the ideal model indicating the

Figure 2. Local chain arrangements in boron carbide referenced to the regular CBC motif by energy of formation, threshold concentration in %
sufficient for the metal-to-semiconductor transition and lowest electronic defect level above valence band maximum (top to bottom for each
arrangement, energies in eV). The regular CBC arrangement is marked in blue, the energetically favorable arrangements are tagged in red. For
a better visualization the next-nearest-neighbor atoms that belong to different icosahedrons are also shown (in the upper and bottom part of each
panel).
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omnipresent variations of the ideal crystal structure in real
material (Figure 3b). Icosahedra show the substitution of
boron by carbon, mainly at the B1 positions (Figure 3a). The
central spot of the rose-like pattern reflecting an icosahedron
appears always brighter than the spots on the wreath, owing
to the double amount of boron in the respective projection
and to the part of possible chain substituents falling in the
projection onto the center. The rather rare cases of carbon
substitution at the B2 positions are also observed. The
increased image contrast at these positions is consistent with
the presence of the fourth (on-top) atom in the chains BBBB.

Single atomic configurations in the chain and around yield
only the main part of the contrast of the TEM image
(Figure 3). Very often, the contrast in the chain region is
smeared out, so only the main contributions can be recog-
nized from comparison of the image with the projections of
the ordered atomic arrangements.[40] The most important
aspect is here the possible superposition of about 6 structural
motifs which does not allow an explicit 1-to-1 mapping of
a particular TEM motif and a structural interpretation. The
linear CBC chain is rather scarce example (Figure 3c). More
often the contrasts seem to reflect a C&C arrangement
(Figure 3d) because in the case of bent chains and rhombi, the

projected potential of the boron atoms (located off the chain
axis) is spread over a larger area and, thus, weakened to
nearly zero in the middle point. Moreover, bent chains and
rhombi can adopt different positions rotating around the
chain axis (Figure 3e). One end point of the chain is often
appearing distinctly weaker (Figure 3a) which is rather
unexpected for the carbon-rich composition where the
linear BBC configuration is energetically not favorable
(Figure 2). The possible reason is that the observed BBC
chains are connected with the exchange of carbon with the
icosahedron (swaps[41]) or the linear chains are combined with
the rhombi in this column (Figure 3 f). Directly imaged
rhombi (Figure 3 h) occur mostly in combinations with other
atomic arrangements, for example, linear (Figure 3 f) or bent
chains (Figure 3g).

The TEM study reveals that the disorder in the boron
carbide structure is more complex than reflected in the down-
folded picture from X-ray diffraction experiments and may
involve more local atomic arrangements than just the most
stable ones obtained from the calculations. TEM images
result from the projections adding together about six struc-
tural motifs in the present experiment (see the Supporting
Information). Thus, already combinations of more than two of
the most stable arrangements turn the final interpretation of
the image contrast to a challenge. Imperfections seem to be
the normal case and govern the crystal structure. At least, as
long the synthetic degrees of freedom comprise only extreme
temperatures they seem to be “invincible”;[26] however,
application of extreme pressure appears to be a way to
avoid them so far.[42]

Based on the predicted and observed local structural
modifications it is possible to infer a realistic electronic band
structure. The ratio of the local arrangements plays thereby
a very important role. Given their concentration of 25% of
the modified chains, the corresponding electronic states are
quite dispersed in the electronic DOS. They essentially
occupy the energy region up to the genuine conduction
band at 3.59 eV (Figure 4). The common feature of the two
dominant modifications (BB2B rhombi and linear chains
CBCB) is that their defect states are located near the
conduction band. This example leads to a tentative interpre-
tation of the assigned band gap of boron carbide of about
2.09 eV[43] to be the distance from the valence band maximum
to the extended defect states of those two predominant types
of chain modifications. The presence of more localized (that
is, less abundant) levels stems from all remaining chain motifs.
Moreover, the systematically observed p-type character of
boron carbide can be understood in terms of a Fermi-level
pinning just below the lowest lying defect level, a couple of
which are located quite near the valence band maximum.

This concerted experimental and computational study
reveals the intrinsic structural complexity of boron carbide.
Modifications of the CBC chain in the reference prototype
CBC + B12 yield sizeable negative energies of formation and
have a constitutive character up to a threshold concentration.
Consistent with the computational work, the combination of
the precise crystal structure determination from single-crystal
X-ray diffraction data and the high-resolution transmission-
electron microscopy imaging verifies substantial (partially

Figure 3. High-resolution transmission electron microscopy of boron
carbide: a) TEM image along the [211] direction; b) projection of the
ideal crystal structure B13C2 along the [211] direction; local atomic
arrangements in the chain region with the main contributions of: c) 4-
atomic chains combined with linear chains CBC; d) defect chain C&C;
e) bent chains CBC with different orientation of singular chains in
respect to the projection direction; f) linear chain combined with
rhombus CB2C; g) bent chains CBC combined with the rhombi CB2C;
h) rhombi CB2C.
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hitherto not known) modifications in the region of the CBC
chain. This reflects the formation of the electron-precise
situation in boron carbide that sees the electron deficiency of
the prototype completely compensated. The semi-conducting
character (for example, observed via boron carbideQs thermo-
electrical properties) is therefore confirmed on the grounds of
this compensation mechanism.

Experimental Section
Single crystals were grown from the mixture of boron carbide and

boron by floating zone technique or from the copper melt. Character-
ization was made by powder and single-crystal X-ray diffraction.
Double-corrected JEM-ARM300F was used for aberration-corrected
transmission electron microscopy. DFT calculations were carried out
in FHI-AIMS, an all-electron, numerically tabulated, atom-centered-
orbital electronic structure code. Further details of the experimental
and theoretical treatment are listed in the Supporting Information.
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