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Crystal and electronic structure of superhard BCs: First-principles structural optimizations

Yansun Yao,! John S. Tse,>* and Dennis D. Klug'
ISteacie Institute for Molecular Sciences, National Research Council of Canada, Ottawa, Ontario, Canada KIA OR6
2Department of Physics and Engineering Physics, University of Saskatchewan, Saskatoon, Saskatchewan, Canada S7N 5SE2
(Received 23 April 2009; revised manuscript received 18 August 2009; published 16 September 2009)

A thermodynamically stable /4m2 phase of superhard BCs was predicted from exhaustive structural searches
combined with first-principles structural optimizations. From the computed bulk and shear moduli, this phase
is expected to be harder than the recently synthesized BCs with the diamond structure. The stability and
strength are attributed to multicenter B-C-B interactions when two B atoms are linked through a common C

atom. The J4m2 phase is metallic and superconducting with an estimated superconducting critical temperature

(T.) of 47 K. Another candidate structure with P1 symmetry was obtained and this fits well to the reported

x-ray diffraction pattern. B atoms in the P1 structure are not linked together by C atoms which yields higher

energy. P1 and I4m2 structures have almost identical predicted hardness.
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Diamond is one of the most important materials due to its
extreme hardness, optical transparency, and high room-
temperature thermal conductivity.! The demand for super-
hard materials in industrial usages has stimulated research in
the synthesis of alternate hard materials. Boron carbide
(B,C) is one of the hardest materials and ranks third behind
diamond and cubic boron nitride.> Recently, using high-
temperature high pressure (HPHT), a BCs phase was synthe-
sized and quench recovered.®> Compared to diamond with a
Vicker’s hardness 115 GPa, the measured hardness of BCs
(71 GPa) exceeds that of c-BN (62 GPa).? This BCs phase®
has a similar x-ray diffraction pattern as diamond. However,
details of its crystal structure are not yet known. B has a
strong tendency to segregate in electron-deficient B-C sys-
tems and the presence of icosahedral B, units are
ubiquitous.* To characterize the structure and electronic
properties of the superhard BCs, structural searches,
electronic-structure and vibrational calculations with first-
principles methods were performed. The present results sug-
gest that the BCjy structure observed in experiment has a
x-ray diffraction pattern consistent with that of a homoge-

neously B-doped diamond structure with P1 symmetry. The
most stable structures, however, prefer two-dimensional (2D)
clustering of B atoms. The multicenter bonding between two
nearest-neighbor B atoms and the C atom connecting them
increases the structural stability. It is predicted that the BCs
polymorphs with 2D B clustering and homogeneous B dop-
ing should have similar hardness values. Furthermore, 2D B
clustering also favors strong electron-phonon coupling
(EPC) suggesting that these polymorphs may be supercon-
ducting.

Two independent theoretical methods were employed to
search for candidate structures of BCs at ambient pressure. In
the first method, random structures were generated with the
“random search” approach.’ Two batches of 200 random BCjs
structures were generated with models containing 1 and 2
BC5 units per primitive cell and then fully optimized using
first-principles calculations. The second method involved an
exhaustive generation of all possible BCj structures by plac-
ing four-coordinated (sp?) C atoms in either a 6-atom or
12-atom cell with cubic diamond framework. Once a unit
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cell is constructed, each C site in the 6-atom cell or a com-
bination of two C sites in a 12-atom cell is replaced by B
atoms and the resulting BCs structures are then fully opti-
mized. Structural optimizations were performed with the Vi-
enna ab initio simulation package (VASP) code® employing
projector-augmented wave (PAW) potentials’ with a general-
ized gradient approximation Perdew-Burke-Ernzerhof
(GGA-PBE).? Both search methods produced the same can-
didates for stable lowest-energy structures. The equations of
state (EOS) and enthalpies for candidate structures were cal-
culated with the VASP and two separated PAW potentials with
local-density approximation Perdew-Zunger (LDA-PZ) (Ref.
9) and GGA-PBE. Refined Monkhorst-Pack meshes'® were
used for the EOS and enthalpies calculations. A 20X 20X 8
k-point mesh was used for P3ml structure and a 16X 16

X 16 k-point mesh was used for IZmZ, Imm?2, and P1 struc-
tures. Elastic and shear moduli were calculated for candidate
structures using the stress-strain relations!! with the MATERI-
ALS TOOLKIT software!? together with a least-squares fitting
using calculated strains'' in the range 0.3-0.7 %. Band
structure, density of states (DOS), Raman spectra, phonon
and electron-phonon coupling calculations were performed
using the QUANTUM ESPRESSO code'? with norm-conserving
GGA-PBE pseudopotentials in the Troullier-Martins form.'
Raman frequencies were calculated using a 10X 10X4
k-point mesh for P3ml structure and a 8§ X8 X8 k-point

mesh for /4m2 and P1 structures. The phonon band structure

for I4m2 structure was calculated using a 6 X 6 X 6 g-point
mesh with individual phonon matrices calculated from a 12

X 12X 12 k-point mesh. The EPC matrices for [4m2 struc-
ture have been calculated on a 6 X6 X6 g point with indi-
vidual matrices obtained using a 24 X 24 X 24 k-point mesh.

Analysis of the optimized structures showed that struc-
tures with one BCs primitive cell are energetically more fa-
vorable than those composed of B,C, primitive cells. More-
over, two classes of structures were revealed. Within the
scope of the structural search in the present study, i.e., among
the models containing 1 and 2 BCs units per primitive cells,
the more stable structures often have second-nearest B atoms
bridged by a C atom and those without are higher in energy.
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FIG. 1. (Color online). Calculated EOS of four BCs candidate
structures using (a) LDA-PZ and (b) GGA-PBE potentials.

The calculated EOS using both LDA-PZ [Fig. 1(a)] and
GGA-PBE [Fig. 1(b)] show that the three lowest-energy

structures have I4m2, Imm?2, and P3m1 space-group symme-

tries, and all consist of one BCs primitive cell. A P1 structure
with a B,C, primitive cell [Figs. 1(a) and 1(b)] has higher
energy but fits well with the x-ray diffraction pattern reported
at 2200 K [Fig. 2(a)]. The order of stability at ambient pres-

sure is [4m2>Imm2>P3m1> Pl and the energy of I4m2
structure is significantly lower than that of other structures.
The structural details of the four candidate structures are
listed in the Table I. Since the superhard BCs was synthe-
sized at 24 GPa in experiment,3 it is necessary also to exam-
ine the order of stability of the four candidate structures at
high pressure. The enthalpies of the four candidate structures
at high pressure were therefore calculated up to above 50
GPa and no difference was found in the order of stability
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FIG. 2. (Color online). (a) Calculated and experimental x-ray
diffraction patterns of BCs structures at 24 GPa. Experimental data
(Ref. 3) were measured at 2200 K and the calculations were per-
formed at 0 K. (b) Calculated enthalpies of four BCs candidate
structures between 20 and 30 GPa using the GGA-PBE potential.
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from that at ambient pressure. Figure 2(b) shows the calcu-
lated enthalpies of the four candidate structures between 20
and 30 GPa using GGA-PBE potential. It is clear that at 24
GPa, the order of stability for the four candidate structures is

still 4m2>Imm2>P3m1>P-1. The same calculation us-
ing LDA-PZ potential (not shown) yielded the same enthalpy
order at high pressure. Previously, the P3ml structure was
predicted to be the most stable structure with 1 and 2 BCjs

units per cell.'S The emergence of the two more stable /4m?2
and /mm?2 structures illustrates the power of the two different
structural search methods used in the present study. The

I4m2 and P3m1 structures have similar structural motifs and
both consist of stackings of a “B-layer” sandwiched between
every five layers of C. The Imm?2 structure consists of rows

of B atom bridged by C atoms. The P1 structure does not
have any second-nearest-neighbor B atoms.

The predicted energy order and the nature of chemical
bonding in these four BC5 polymorphs can be explained by
multicenter bonding between B and C. In a classical (Lewis
covalent) bond, two valence electrons are shared with two
adjacent centers (2c-2¢). For all the BCs polymorphs dis-
cussed here, both the B and C atoms have local tetrahedral
bonding (sp® hybridization). Unlike C atom, a B atom has
only three valence electrons and there are not sufficient elec-
trons (electron deficiency) to form four 2¢-2e bonds. There-
fore, valence electrons are shared among the B-C-B unit
forming two nonclassical three-center two-electron (3c-2e)
bonds. This multicenter description of the B-C-B bond is
well established for carboranes'®!” and has been applied re-
cently to describe the structure of - and y-B.'® The multi-
center bonding is equally described by resonance
structures,

The existence of resonance structures implies a delocaliza-
tion of electron density. The delocalization of valence elec-
trons in the B-C-B bonds or planes is confirmed in the elec-
tronic band-structure calculations. As seen from Fig. 3(a), in

the I4m2 structure, the B atoms are located in the 2d sym-
metry site while the C atoms are located in three different
symmetry sites, 2b, 4f, and 4e. The B-C-B bonds are con-
structed with the B atoms (2d) and their nearest-neighboring

C atoms at 4e symmetry site. The calculated DOS for [4m?2
structure in Fig. 3(b) clearly shows that the electronic states
near the Fermi level are derived mainly from these two
groups of atoms. The calculated total DOS at the Fermi level

for the I4m?2 structure is 1.16 e~ /eV/BCs, for which 80% is
from the B atoms (2d) and their nearest-neighboring C atoms
(4e). In other words, the DOS at the Fermi level is domi-
nated by the B-C-B bonds, which gives rise to weak metallic
character.'> The electron deficiency of B atoms creates empty
bands above the Fermi level and these bands are dominated
by the sp3-hybridized B-C-B bonds. This fact suggests that
the transport properties, such as conductivity, are essentially
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TABLE 1. Optimized structural parameters for BCs candidate structures at ambient pressure.

Lattice parameters

Atomic coordinates

Space group (A, deg) (Fractional)
1am2 a=2.525, c=11.323 B 2d 0.5000 0.0000 0.2500
C 4e 0.0000 0.0000 0.1568
C 2b 0.0000 0.0000 0.5000
C 4f 0.0000 0.5000 0.0805
Imm?2 a=17.731, b=2.503, ¢=3.736 B 2b 0.5000 0.0000 0.0233
C 4c 0.1725 0.5000 0.2835
C 4c 0.1686 0.0000 0.0419
C 2a 0.0000 0.0000 0.8260
P3ml a=2.553, c=6.392 B la 0.0000 0.0000 0.0065
C la 0.0000 0.0000 0.2599
C 1b 0.3333 0.6667 0.3384
C 1b 0.3333 0.6667 0.5820
C lc 0.6667 0.3333 0.6643
C lc 0.6667 0.3333 0.8999
Pl a=4.455, b=4.459, c=4.462 B 2i 0.8104 0.3946 0.7319
a=119.89, B=80.81, y=79.80 C 2i 0.3149 0.2165 0.8855
C 2i 0.6833 0.0964 0.7719
C 2i 0.2006 0.2693 0.6014
C 2i 0.3171 0.5600 0.5752
C 2i 0.8118 0.0638 0.0632

determined by the B-C-B bonds. As shown in Fig. 3(a), the

I4m2 structure is constructed by alternative B-C-B and
C-C-C layers along z axis, and therefore, these alternate lay-
ers behave as primarily metallic and covalent layers, respec-
tively. This dominance of B-C-B bonds near Fermi level has
also been observed for the P3m1 structure.'> However, the
calculated total DOS at Fermi level for the P3m1 structure is
much lower, only 0.77 e /eV/BCs, indicating a lower
charge-carrier concentration. Since B atoms are bridged by C

atoms forming a 2D planar array in [4m2 structure, this
structure is expected to benefit the most from multicenter
bonding and should be the most stable polymorph. This as-
sumption was confirmed by the EOS and enthalpy calcula-
tions in Figs. 1(a), 1(b), and 2(b). It is perhaps surprising that
the “chainlike” structure of Imm?2 is slightly more stable than
the P3ml structure. This can be traced back to the much
shorter C*-C bond length (C* and C represent C bonded/
nonbonded to a B atom) of 1.506 A as compared to 1.526 A
(both at 24 GPa) in P3m1 structure. A shorter C*-C bond in
the Imm?2 structure indicates stronger C-C interactions. Thus
the energy of the Imm?2 structure is slightly lower than the

P3ml structure. Finally, in the P1 structure, there is no
nearest-neighbor B atoms linked by a C atom. Therefore,
stabilization from multicenter bonding is expected to be
weaker. It should be noted that the relation between the mul-
ticenter bonds and corresponding energetics in the B-C sys-
tems has also been observed in low-energy polymorphs of
BC; although the origin was not explained.?*?*> The super-
conductivity in the P3m1 phase of BCs has also been attrib-
uted to delocalized electrons along B-C-B bonds."

The calculated diffraction patterns for the four candidate
structures at 24 GPa are compared with the observed pattern?
measured at the same pressure but at high temperature (2200
K) in Fig. 2(a). The P3m1 and Imm?2 structures can therefore
probably be eliminated as possible candidates. The calcu-

lated P1 pattern apparently is in better agreement with ex-

periment even though it has lower symmetry. For I4m?2
structure, the pair of Bragg peaks predicted at ~17° is not
observed. Additional calculations show that the relative in-
tensity of these peaks is pressure dependent and the splitting
of 0.5° is larger than the experimental resolution. The very

small deviation of diffraction pattern of the P1 structure
from that of diamond is due to a minor perturbation of the
crystal structure by homogenous B doping rather than 2D

clustering. The P1 space group resulting from a particular B
position doping is only one of the many enumerations of
randomly placed B atoms in the cubic diamond structure.
The experimental diffraction pattern could therefore be the
average of several possible structures. The local environ-
ments at the C atoms in the homogeneously doped structures,
even those bonded to B, are not heavily distorted from ideal

tetrahedral bonding. The C-C distances in the P1 structure at
24 GPa is 1.52 A with a B-C-C angle of 103.6°. The B-C
distances are about 1.61—1.62 A with C-B-C angles atom
range from 100.5° to 109.8°. Note that B in synthesized BCs

is almost certainly disordered® and the P1 structure simply is
one of many similar structures. The disordering results in an
overall cubic symmetry.

A comparison of the calculated Raman-active vibration
frequencies with the experimental spectrum? is shown in Fig.
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FIG. 3. (Color online). (a) Construction of the /4m2 structure by
alternating B-C-B and C-C-C layers along z axis. The site symme-
tries for the C atoms (2b, 4f, and 4¢) and B atoms (2d) are marked.
(b) Calculated DOS of the I4m?2 structure projected to each type of
atom and to each symmetry site at ambient pressure.

4. The P1 structure gives the best overall agreement in both
the range of the Raman bands, from 480 to 1300 cm™', and
in the absolute frequencies with the observed prominent fea-
tures. The highest-energy vibration observed at 1296 cm™!
redshifted from pure diamond by 36 cm™! is correctly repro-
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FIG. 4. (Color online). Comparison of calculated vibration fre-
quencies (tick marks) and experimental Raman spectra (Ref. 3) of
BC5 candidate structures at ambient pressure.
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duced by the calculation at 1274 cm™' with a shift of
26 cm™'. The Raman features at 887 and 1002 cm™' are also
consistent with the calculated vibrations at similar energies.
In contrast, no Raman-active bands are predicted for the
I4m2 structure between 790 and 1050 cm™'. Moreover, the
highest-energy Raman vibration was calculated to be at
1205 c¢cm™', which is almost 100 cm™! redshifted from the
calculated diamond frequency.

The measured Vicker’s hardness for BCs is 71 GPa.’® It
has been suggested that the hardness of a material can be
correlated with its bulk modulus*® and shear modulus®* al-
though hardness is clearly recognized to be a complex func-
tion of many other of the properties of a crystal. Using the
correlation proposed in Ref. 24, for example, and experimen-
tal hardness of diamond of 115 GPa and a shear modulus of
545 GPa, the hardness for /4m2 and P1 are estimated to be
80 and 79 GPa, respectively. The bulk moduli (B) for I4m2

and P1 are 376 and 370 GPa, with pressure derivatives (Bg)
3.9 and 3.6 were obtained from fits of the theoretical equa-
tions of state to a third-order Murnaghan equation.?> These
values are consistent with the experimental value for B, of
355(8) GPa and B, of 4.5(6). The full set of elastic moduli

for I4m2, P3m1, and P1 are listed in Table IL. In view of the
synthesis was achieved at HPHT, it is not unreasonable that a
metastable phase with homogenous B doping can be recov-
ered. Moreover, the calculated Voigt and Reuss shear

moduli?® for /4m2 and P3m1 of 379 and 377 GPa, respec-
tively, both are slightly higher than 374 GPa for P1. Phonon-

dispersion calculations show the P1 structure is dynamically
unstable at 0 K. The Born stability conditions,?” which are
used to verify mechanical stability, were evaluated by calcu-
lating the determinants of the principal minors of the qua-
dratic form of the matrix for the C;; shown in Table II. The
determinants are all positive indicating mechanical stability

and therefore the P1 structure may be entropically stabilized
at high temperatures. At ambient pressure, the calculated to-

tal energy of PI is about 0.3 eV/BCs unit (0.05 eV/atom)

higher than that of /4m2 [Figs. 1(a) and 1(b)]. This energy
difference is slightly larger than that between graphite and
diamond (0.024 eV/atom).?® The theoretical results provide
support that recovered BCs has a B-disordered cubic struc-

tural motif similar to that of the P1 structure. The experi-
mental conditions® employed in the synthesis of cubic BCs
therefore apparently favor a homogenous distribution of B

over clustering such as would be found in a I4m?2 structure.

The most significant result in the present study is the pre-
diction of the lowest-energy superhard I4m2 structure within
the basic BCs diamondlike framework. This structure is
found to be elastically and dynamically stable from phonon

calculations [Fig. 5(a)]. The band structures of /4m2 and
cubic diamond are presented in Fig. 5(b), both calculated at

ambient pressure. In [4m2 structure, the Fermi level is
shifted down by 1.7 eV with respect to the top of valence
bands. Compared with diamond, a substantial change is seen

at point M in I4m2 band structure. The degeneracy at M
point is removed and as a result, several steep (dispersive)
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TABLE II. Components of the calculated elastic constants (in

GPa) for I4m2, P3m1, and P1 phases of BCs. The top table de-
fines the notation for the tables containing the elastic moduli.

Gj; Cy Cn Ci  Cuy Cis Cis
Cy Cpn Gy Cy Cys Cas
Cs G Gy Gy Css Cs6
Cy Cp  Ci Cy Cys Cys
Csi Cn G55 Cy Css Cse
Ce1 Coo Co  Ca Ces Ces
14m2 775 GPa 175 169 0 0 0
175 775 169 0 0 0
169 169 830 0 0 0
0 0 0 479 0 0
0 0 0 0 479
0 0 0 0 0 304
P3ml 862 GPa 166 88 —110 0 0
166 862 88 110 0 0
88 88 992 0 0 0
-110 110 0 397 0 0
0 0 0 0 397 -110
0 0 0 0 —110 348
P-1 1004 GPa 51 67 9 -13 31
51 987 128 1 -78 -12
67 128 964 -16 84 -10
9 1 —-16 84 24 -85
-13 =78 84 24 287 =21
31 -12 -10 -85 =21 273

bands cross the Fermi surface along I'— M — X. These steep
bands are responsible for the electron conduction and prima-
rily sustained in the B-C-B bonds [Fig. 3(a)]. On the other
hand, a flat (non-dispersive) band located approximately 0.4
eV above the Fermi level is found near M in the M —X
direction [Fig. 5(b)]. The simultaneous occurrence of steep
and flat bands close to the Fermi level has been suggested as
characteristics favoring a superconducting state.’*3? It was
proposed that the chemical origin of conventional supercon-
ductivity was associated with the pairing of localized elec-
trons close to the Fermi surface.?” In an equivalent presenta-
tion, it was suggested that the Fermi-surface nesting becomes
larger if the velocities of the electrons are small and/or
collinear.3® Provided this hypothesis is correct, the flat bands
close to the Fermi level, as the velocities of electrons are
vanishing, sets up a favorable condition for electron
pairing.3*3 The delocalized electrons in the steep bands in-
teract with the flat bands through lattice vibrations (phonons)
and provide significant contribution to the EPC. The phonons
modulate the bonding character in the system and cause a
dynamic vibration of the Fermi level. The steep bands serve
as a reservoir for delocalized electrons. Once an empty flat
band is brought below the Fermi level, the delocalized elec-
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FIG. 5. (Color online). (a) Calculated phonon band structure of
the J4m?2 structure at ambient pressure. (b) Calculated electron band
structure of the [4m2 structure compared with that of diamond
within the /4m2 unit cell at ambient pressure.

trons will scatter into the flat band, become localized and
tend to form Cooper pairs. Once a filled flat band vibrates
above the Fermi level, the Cooper pairs will scatter back into
the steep band. As the flat band close to the Fermi level is
periodically depleted and filled due to the lattice vibration,
more and more Cooper pairs are created.”” For [4m2 struc-
ture, the delocalized electrons sustained in the B-C-B bonds
are coupled with the high-frequency B-C vibrations [Fig.
5(a)], which set favorable condition for a large EPC param-
eter A and average vibrational frequency (wlog).34 To inves-

tigate the possibility of superconductivity in I4m2 structure,
EPC calculations were performed.'> At ambient pressure, the

calculated N and w),, for I4m2 structure are 0.89 and 810 K.
Applying the Allen-Dynes extension of the McMillan
equation®® and using a nominal values of the Coulomb repul-
sive parameter (u*) of 0.1, a superconductivity critical tem-
perature (7,) of 47 K is estimated. The predicted T, is almost
identical to that previously reported for the P3m1 phase of
BCs. The P3ml structure was predicted to be a
superconductor'’> with an estimated 7, of 45 K. Diluted
doped diamond has shown to be a superconductor.’’-3
Analysis of distribution of phonon linewidth in the first Bril-
louin zone shows that the electronic states near the M point
contribute almost 22% to the total N. Considering the M
point is where the steep bands and flat bands cross, this result
seems to support the steep band—flat-band scenario for the
occurrence of superconductivity. This result is encouraging
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since I4m?2 is the thermodynamically most stable structure
for BCs5 and may be possible to synthesize employing HPHT
methods with carefully chosen experimental conditions to
control the kinetics such as lower temperature or longer an-

nealing time. At ambient temperature, /4m2 is a metal and is
predicted to be harder than the experimental value? for cubic
BCs. It becomes a superconductor at low temperature.

In summary, it is shown here the recently synthesized dia-
mondlike BCs (Ref. 3) is a metastable phase. A thermody-
namic stable polymorph of BCs was revealed from structural
searches. This phase is superhard and superconducting with
an estimated superconducting critical temperature of 47 K. A
unique structural feature is the presence of B-C-B chains
forming 2D layers sandwiched between tetrahedrally bonded
diamondlike C layers. Similar B-C-B chains have also been
found previously in a superhard form of BC; (Ref. 22). Mul-
ticenter bonding along the B-C-B chains results in the delo-

PHYSICAL REVIEW B 80, 094106 (2009)

calization of valence electrons and is responsible for the me-
tallic character. The stability of hard BC, polymorphs can be
attributed to this common structural motif. Multicenter bond-
ing in electron-deficient carboranes is well known in
chemistry.'®!” The chemical bonding can be described alter-
natively by the valence-bond theory invoking the existence
of resonance structures. This description of bonding is rel-
evant to a recent suggestion on the mechanism in boron-
doped diamond by the resonating valence-bond model.?*-*!
In diamond, the C atoms are bonded to their neighbors
through sp® hybridization. The substitution of a C atom by a
B impurity, which has one less electron, leaves a hole (an
unpaired spin) behind in an otherwise filled band. In the
ground state this hole is bound to the B atom. The coupling
between singlet spins of neighboring neutral B atoms reso-
nate with B* and B~ free carriers states resulting in a reso-
nating valence-bond superconducting state.*!
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