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Boron and its compounds have attracted much attention
due to their interesting and complex structures [1–4]. In
particular, boron-rich compounds containing icosahedral
structures have excellent properties, such as low density,
high hardness, high melting point and low wear coeffi-
cient. Therefore, many boron-rich compounds have been
studied in recent decades [5–15], such as B13C2 [8], B4C
[9,10], B12O2 [11], B12P2 [12,13], and B12As2 [14,15].
Regarding the B-N system, some boron-rich subnitrides

were also synthesized. By heating β-B and nitrogen to the
temperature range of 1479–1823 K, Condon et al. [16]
proposed for the first time that a series of two-step re-
actions occur with a homogeneous reaction to form
“B6N” followed by a topochemical reaction to yield boron
nitride (BN). Later, Hubert et al. [17] claimed a high-
pressure solid-state synthesis of “B6N” by reacting
amorphous boron and hexagonal boron nitride (h-BN) at
7.5 GPa and 1700°C, which was suggested to have a
structure similar to R m3 B6O. However, Solozhenko et al.
[18] did the same experiment at the same pressure/tem-
perature conditions and concluded that the evidence for
the solid-state synthesis of B6N with B6O-like structure
reported in Ref. [17] is inconclusive. On the other hand,
Saitoh et al. [19] synthesized B-N films by a chemical
vapor deposition containing another stoichiometry (B4N),
and the measured Raman spectra and X-ray diffraction
(XRD) results revealed that the crystal structure of B4N is
similar to that of B4C. However, the available experi-
mental data is still insufficient to identify its accurate
crystal structure and composition. Interestingly, So-
lozhenko et al. [20–23] synthesized a new boron sub-
nitride B13N2 by mixing β-rhombohedral boron and h-BN

at 5 GPa and 2500 K, which has the same type structure
as B12O2 and B4C. Moreover, Solozhenko [22] reported
that B13N2 is a superhard material with a measured
Vickers hardness of 41 GPa. However, relevant theore-
tical calculations suggested that R m3 B13N2 and R m3
B12N2 are thermodynamically unstable, and that R m3
B13N2 was also dynamically unstable [24,25]. Alter-
natively, Zhang et al. [24] proposed another stoichio-
metry B12.67N2 (i.e., B38N6) constructed from a supercell of
R m3 B13N2 with a 2:1 ratio of complete N–B–N chains to
boron vacancies chains, which was calculated to be both
thermodynamically and dynamically stable. Moreover, a
new composition B38N6 ([B12(N–N)]0.33[B12(NBN)]0.67)
was predicted to be stable by Ektarawong et al. [25]. At
the same time, another boron-rich compound, B50N2
(space group P-4n2; a = 8.8181(2) Å, c = 5.0427(10) Å)
was synthesized under high temperature and pressure
[20,23,26–29]. However, stoichiometries and crystal
structures of many other boron-rich nitrides are still
unclear.
In the present work, a systematic structure search for

BnN (n = 2, 3, 4, 5, 6, 8) has been performed using the
CALYPSO code [30–35] with the particle swarm opti-
mization method. Structure searches were performed in
the pressure range of 0–20 GPa using models consisting
of 1–8 formula units. We used the VASP code [36] with
the plane-wave pseudopotential method to calculate the
total energies of the structures. The Perdew-Burke-Ern-
zerhof (PBE) generalized gradient approximation [37]
was chosen for the exchange and correlation functional
and all-electron projector augmented wave (PAW) [38]
pseudopotentials with 2s22p1 and 2s22p3 valence config-
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urations were adopted for B and N atoms, respectively.
The plane-wave energy cutoff is 800 eV for all the
structures, and the k-point meshs are increased until
enthalpies converge to within 1 meV per atom.
We carried out a detailed structure search on BnN (n =

2, 3, 4, 5, 6, 8) with CALYPSO at 1 atm, 10 and 20 GPa,
with simulation cells containing up to eight BnN formula
units. The predicted C222 B2N (Fig. 1a) and P3m1 B3N
(Fig. 1b) compounds consist of B atom layers with a cubic
and hexagonal BN, respectively, indicating possible un-
stability with respect decomposition into solid boron and
BN. On the other hand, in B4N, B6N, and B8N, all boron
atoms form icosahedra. Interestingly, we predicted a
high-symmetry cubic Pm n3 structure for B4N, with six
formula units in each unit cell. In this structure, the
centers of boron icosahedra form a body-centered cubic
(bcc) lattice with nitrogen atoms partially located at the
tetrahedral sites, as shown in Fig. 1c. Each nitrogen atom
is bonded to four nearest icosahedra and there is no B–B
bond between the icosahedra. If we take each boron
icosahedron as a unit, then Pm n3 B4N can be seen as the
well-known Nb3Sn-type structure. In P63/mmc B5N, 15
boron atoms form a polyhedron with a B–B bond length
of 1.69 Å between different polyhedra and each nitrogen
atom is attached to the three closest polyhedra.

For B6N, we first considered R m3 , Cmcm and Imma
structures, which are taken from other A6B-type com-
pounds, such as B6As [14,15], and B6Si [39] (Fig. S1). In
these three structures, each N is attached to three boron
icosahedra. To verify the reliability of the current calcu-
lations, we compared the bond lengths of R m3 B6N with
previous theoretical calculation. The calculated bond
lengths are 1.688, 1.789, 1.803, 1.806 and 1.818 Å for B–B
bonds and 1.479 Å for B–N bonds, which are close to
those of 1.670, 1.762, 1.775, 1.779 and 1.789 Å for B–B
bonds and 1.464 Å for B–N bonds in previous calcula-
tions [6]. Our subsequent structure searches also predict
the metastable Cmcm phase. However, two more stable
Cmca and Immm structures are predicted, where each N
atom is bonded to four boron icosahedra. Increasing the
number of bonds between N atoms and boron icosahedra
could be the reason for making Cmca and Immm struc-
tures more stable, compared with R m3 , Cmcm and Imma.
The Cmca structure is the most stable one for B6N, which
is similar to the one predicted for B6Si under pressure,
which can be obtained from the Cmca LiB6Si by elim-
inating the Li atoms [40]. Moreover, there are also B–B
bonds between different icosahedra in R m3 (1.688 Å),
Cmcm (1.668, 1.688 Å), Imma (1.694, 1.731 Å), Immm
(1.663 Å) and Cmca (1.648 Å), which are shorter than

Figure 1 Predicted structures of boron-rich B-N compounds. (a) C222 B2N, (b) P3m1 B3N, (c) Pm n3 B4N, (d) P63/mmc B5N, (e) Immm B6N, (f) Cmca
B6N, (g) C2/m B13N2, and (h) Pm B8N. Red balls are N and green ones are B.
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those B–B bonds in the corresponding icosahedra. For
example, they are 1.734, 1.735, 1.756, 1.765, 1.775, 1.805,
1.812, 1.823, 1.877 Å for Cmca and 1.729, 1.776, 1.808,
1.819, 1.828, 1.841 Å for Immm B6N.
The predicted most stable structure for B8N is a

monoclinic Pm phase, where each N atom is also bonded
to three different boron icosahedra. Half of the boron
atoms of each icosahedron are also bonded to the boron
atoms in the nearest icosahedron, five are bonded to the
nearest nitrogen atoms and another one is not bonded,
with a much longer B–B distance of 2.233 Å. The bond
lengths of B–B between different icosahedra are 1.682,
1.685, 1.687 and 1.69 Å. For B13N2, we predicted a
monoclinic C2/m structure, where N atoms show three or
four bonds with B atoms. In addition, as it is shown in
Fig. S1, we also predicted metastable Pma2 and I41/amd
B2N, Imm2 B3N, P2/c B4N, P6/mmm B5N, Im m3 B8N, and
P6/mmm B13N2 structures. Detailed information on the
predicted crystal structures is given in Table S1.
Enthalpy ratios for different BnN stoichiometries at

1 atm and 20 GPa are summarized in Fig. 2 and Fig. S2.
The solid symbols on the solid line indicate that those
boron nitrides are stable at the corresponding pressures,
while those stoichiometries that are not on the line in-
dicate they are unstable with respect to decomposition or

disproportionation into other boron nitrides and pure
boron or nitrogen. As we can see, at 1 atm all the stoi-
chiometries have negative formation enthalpies, suggest-
ing that they are stable with respect to disproportionation
into pure boron and nitrogen. The already known BN
stoichiometry has the lowest formation enthalpy. On the
nitrogen-rich side, the previously predicted B3N5 is cal-
culated to be on the solid line, suggesting that it is also
thermodynamically stable without decomposition into h-
BN and pure nitrogen [41]. On the boron-rich side, the
previously reported B50N2 compounds are thermo-
dynamically stable with respect to h-BN and α-B, which is
in good agreement with previous experiments [23]. B38N6
is stable with respect to c-BN and α-B in previous theo-
retical calculations [25]. However, when the reference
level is h-BN, which is the most stable form at 1 atm for
BN, B38N6 is metastable with respect to h-BN and α-B.
The predicted B2N, B3N, B4N, B5N and B8N compounds
are all metastable and decompose into h-BN and pure
boron. Interestingly, the predicted Cmca B6N is the only
new stable structure. Unfortunately, the experimentally
proposed R m3 and the currently predicted C2/m B13N2
are both calculated to be thermodynamically unstable
with respect to B38N6 and α-B, and the calculated phonon
spectra (Fig. S3) indicate that B38N6 is dynamically stable.

Figure 2 Formation enthalpies per atom of different B1−x(1/2N2)x stoichiometries with respect to their constituent counterparts at 1 atm and 20 GPa.
Different symbols represent different structures for different stoichiometries and the same symbols with different colors represent different pressures.
The reference level is pure boron (α-B or γ-B) and pure nitrogen (Pa3 or P41212), both in their most stable forms at the specified pressures. For BN,
we considered h-BN and cubic boron nitride (c-BN) at 1 atm and 20 GPa, respectively.
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Moreover, the simulated powder XRD pattern of B38N6
(Fig. S4) is in good agreement with the experimental
powder-diffraction data of B13N2 [28] and previous the-
oretical study [25]. Therefore, the observed R m3 B13N2 is
more likely to be the proposed B38N6. This result is the
same as in the Ref. [25], and the consistency between the
calculated and measured Vickers hardness further sup-
port this opinion. The formation enthalpies of all the
structures at 20 GPa become more negative, while B6N
and BN are still on the solid line, suggesting that they are
thermodynamically stable even under pressure.
After analyzing the thermodynamical stability of bor-

on-rich nitrides, we have also checked their dynamical
stability. Phonon calculations were performed using the
supercell approach method within the PHONOPY code
[42] to determine the dynamic stability. Except R m3
B13N2, the calculated phonon dispersion curves for var-
ious stoichiometries do not have imaginary frequencies,
indicating that they are all dynamically stable both at
1 atm and under pressure (Figs S3 and S5).
To study the electronic properties of the predicted B-N

compounds, their electronic band structures were calcu-
lated, as shown in Fig. 3, Figs S6 and S7. The atomic
contributions to the bands are also displayed to explore
their origins. It is clear that C222 B2N, Pm n3 B4N, Cmcm
B6N and Pm B8N are metallic, with bands crossing the
Fermi level (Ef), while Cmca and Immm B6N are semi-
conductors with direct and indirect band gaps of 2.45 and
3.01 eV, respectively. In C222 B2N (Fig. 3a) the electronic
states around Ef are mainly associated to B atoms in B–B
bonds. Interestingly, the valences and conduction bands
near the Ef exhibit a linear dispersion with two crossing
points along the Γ-Z and T-Y directions. As shown in
Fig. S8a, the density of states at Ef is almost zero, revealing
that C222 B2N is a semimetal. Moreover, the energy of the
highest valence and lowest conduction bands are inverted
along the Z-T direction. These features indicate that C222
B2N could be a topological semimetal. In Pm n3 B4N, all
the B atoms are equivalent and only bonded to N atoms,
without forming B–B bonds between different icosahedra.
As shown in Fig. 3b, the electronic states near the Ef
mainly come from the equivalent B atoms. To explore the
superconductivity of B4N, its superconducting transition
temperature Tc is also estimated with the Allen-Dynes
modified McMillan equation:

µ= 1.2 exp 1.04(1 + )
(1+0.62 ) .c

log
*

The electron-phonon coupling (EPC) calculations were
performed within the density functional perturbation

theory, as implemented in the Quantum ESPRESSO
package [43], where ultrasoft pseudopotentials for B and
N were considered with a kinetic energy cutoff of 50 Ry.
3×3×3 q-meshes in the first Brillouin zones were used in
the EPC calculations. The calculated logarithmic average
frequency, ωlog, is 938 K and the EPC parameter, λ, is
0.31. With a typical choice of the Coulomb pseudopo-
tential μ* of 0.1, the calculated Tc is only 0.59 K, in-
dicating that Pm n3 B4N is not a good superconductor
(Fig. S9).
In the semiconducting Cmca and Immm B6N (Fig. 3c,

d), the highest occupied valence bands are mainly asso-
ciated to the B12 icosahedra, especially to those B atoms
that form bonds with other Bs only. Compared with
Cmca and Immm B6N, the partially occupied bands
crossing the Ef for P63/mmc B5N, R m3 , Cmcm and Immm
B6N, and Pm B8N are mainly related to N atoms, inducing
the metallic character.
As boron-rich compounds are often potential candi-

dates for superhard materials, we also studied the me-
chanical properties of the predicted boron-rich nitrides.
Table 1 and Table S2 list the calculated bulk modulus,
shear modulus and Vickers hardness of the predicted
boron-rich nitrides. According to the semiempirical
hardness model for covalent crystals by Gao et al. [44–
47], the calculated Vickers hardness for R m3 and C2/m
B13N2 are 37.4 and 37.3 GPa, respectively, while it is
39.9 GPa for C2/m B38N6, which is much closer to the
experimentally measured value of 41 GPa [22]. The cal-
culated hardness further supports that the proposed C2/m
B38N6 is more likely to be the experimentally synthesized
“B13N2”. Additionally, the Vickers hardness of B4N, B6N
and B8N are also estimated to be 45, 38−42 and 39 GPa,
respectively. The calculated Vickers hardness of Pm n3
B4N as well as Cmca and Immm B6N are all 40 GPa,
suggesting that they are potential superhard materials.
Among these boron-rich compounds, there are three
types of bonds: B–N bonds, B–B bonds within B12 ico-
sahedra, and B–B bonds outside B12 icosahedra. For more
than 70% of the bonds are coming from B–B bonds
within icosahedra in these BnN compounds, the hardness
are mainly contributed from B12 icosahedra. In addition, a
B–N bond usually contributes more to hardness than a
B–B bond, therefore, the increase of B–N bonds will
improve hardness. In B4N, each nitrogen atom is bonded
to four nearest icosahedra, and B12 icosahedra are only
connected with N atoms, forming short B–N bonds. In
B6N and B8N, the B12 icosahedra are also connected with
adjacent icosahedra, forming long B–B bonds. Moreover,
in Cmcm, R m3 B6N and Pm B8N, each nitrogen atom is
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only bonded to three nearest icosahedra, which results in
the decrease of B–N bonds. Therefore, B4N shows a
higher hardness than B6N and B8N.
In addition, Vickers hardness can also be estimated

using the model of Chen et al. [48] with the following
expression Hv(GPa)=2(G

3/B2)0.585−3, where G and B are
the shear and bulk moduli, respectively (Table S2). With
this approximation, the Vickers hardness of B4N is esti-

Figure 3 The calculated electronic band structures for (a) C222 B2N, (b) Pm n3 B4N, (c) Cmca B6N, (d) Immm B6N, (e) Cmcm B6N, and (f) Pm B8N at
1 atm.
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mated to be 45.4 GPa, which is also in agreement with the
value obtained with the model of Gao et al. [44–47]. The
calculated hardness of the other stoichiometries are al-
most similar to those of the model of Gao et al. [44–47],
except in Cmca B6N and R m3 B13N2, where they show
larger differences. The calculated elastic constants for
Cmca, Immm, Cmcm and R m3 B6N, Pm n3 B4N, Pm and
Im m3 B8N, as well as C2/m, R m3 B13N2, and C2/m B38N6
satisfy the corresponding mechanical stability criteria,
suggesting that they are mechanically stable (Table S3).
In summary, different stoichiometries and their crystal

structures of boron-rich nitrides under pressure have
been extensively explored. In BnN (n≥4) stoichiometries,
except in B5N, all boron atoms are capable of forming
icosahedra. B50N2 is calculated to be stable at 1 atm, which
is in agreement with the experiments. Three new or-
thorhombic structures are predicted for B6N and cubic
and monoclinic phases for B4N and B8N, respectively.
B6N is also predicted to be stable below 20 GPa and B4N
and B8N are metastable, although BN always has the
lowest enthalpy. Two structures for B6N are semi-
conductors and the other stoichiometries are all metallic.
Moreover, the stable B6N and metastable B4N are esti-
mated to be potential superhard materials, and B4N is also
estimated to be superconductor with a very low Tc value
of 0.59 K. The current study will enrich the phase dia-
gram of the B-N system and may also stimulate the ex-
perimental work in the future.
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高压下新型超硬富硼氮化物
王林妍1†, 孙荣鑫1†, 刘雯慧1†, 袁智康1†, Aitor Bergara2,3,4,
梁笑微1, 陈帅1, 周向锋1, 徐波1, 何巨龙1, 于栋利1, 高国英1*,
田永君1

摘要 富硼化合物通常为潜在的超硬材料, 尽管之前的研究提出了
不同晶型的BN超硬材料, 但尚未发现超硬的富硼氮化物. 本文采用
基于粒子群优化算法的结构预测方法, 结合第一性原理计算, 对富
硼氮化物在压力下的稳定成分及结构进行系统研究. 结果表明, 在
B4N、B6N和B8N中, 硼原子都能够形成B12二十面体. 在0–20 GPa压
力范围内, B6N是热力学稳定的, 而B4N和B8N是亚稳的. 电子性质
计算表明, 预测的Cmca B6N和Immm B6N为半导体, 其他均为金属.
声子和弹性常数计算表明, 所有预测结构都具有动力学稳定性和
机械稳定性 . 值得关注的是 , B4N和B6N的维氏硬度分别为45和
42 GPa, 表明其为潜在的超硬材料. 此研究丰富了B-N体系相图, 并
为实验上探索超硬材料提供了丰富的理论指导.
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