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Dinitrogen bonding induced metal-semiconductor transition leading
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Extreme environments enable the discovery of atypical phases with enhanced properties and their transition
mechanisms. Boron subnitride is a promising alternative to boron carbide/suboxide; however, its development is
severely hampered by its long-standing unresolved crystal structure. Herein, by analyzing the pressure-dependent
stabilities of the B-N system and scrutinizing several candidates against the available experimental results,
the experimentally synthesized boron subnitride is identified as a-BsO-like R3m B¢N, whose observed unique
metallicity originates from the electron deficiency caused by the sp?-like hybridization of the N atoms that
leaves nonbonding lone pairs lying in the 2p, orbitals. We further unveil that the electron-deficient R3m BgN
undergoes an isopointal metal-semiconductor transition at 120 GPa, dominated by the unique local orbital
population coupling between different homonuclear bonds. Here, breakage of the lone pairs resulting from the
dinitrogen bonding compensates for the unoccupied bonding states of intericosahedra B-B bonds, thus converting
it into the electron-precise B%z_ (N-N)?*. The strong N-N bond imparts R3m BgN the highest shear modulus
among B,-based compounds (almost twice that of B¢O) and serves as the main load-bearing unit resisting large
plastic strain to produce superior strength. These findings substantially deepen our fundamental understanding of
icosahedral boron-rich solids, and the underlying effect may contribute to fully grasping the changes in oxidation

state and bonding pattern under high pressures.
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Boron exhibits structural complexity, electron deficiency,
and an unusual bonding situation, giving rise to many
boron-rich compounds [1-4]. In particular, strong icosahe-
dral boron-rich solids hosting light elements such as boron
carbides [5-9] and boron suboxide [10-12] have garnered
theoretical and experimental attention because of their fas-
cinating physical and chemical properties as well as their
numerous potential applications [13—17]. Despite the success-
ful synthesis of boron subnitride at high pressure [18,19], the
long-standing disagreement about its actual crystal structure
has hindered further development [18,20,21], leaving incon-
clusive issues regarding its ground-state properties, e.g., the
origin of the observed metallic conductivity [19,22], and its
effects on the mechanical properties. Previous studies have
shown that the chemistry of boron-rich compounds with
homonuclear bonds (e.g., boron clusters) [23-25], and bi-
nary nitrides containing polynitrogen species [26—28] can be
remarkedly enriched under pressure, resulting in promising
exotic phases [29]. It is therefore intriguing to explore the
high-pressure behavior of boron subnitride, where the effects
of these two components may be coupled with each other and
further magnified under a compressed state, thus allowing not
only geometry alterations through potential phase transitions,
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but also drastic changes in chemical bonding and physical
properties via huge electronic modifications.

The debate on the realistic crystal structure of
boron subnitride has initiated three different candidates
with «-rthombohedral-boron-like structures: two indi-
vidual line compounds [Bjp(NN) [18], i.e., BgN and
Bi2(N-B-N) [21], i.e., B;3N,] and one solid solution
([B12(NN)]o.33[B12(N-B-N)Jo67 [30], i.e., B3sNg). Recently,
by comparing the high-pressure formation enthalpy of the
above three materials, Ektarawong et al. [20] found that B3gNg
is more thermodynamically favorable than BgN and B3N,
and thus should represent the synthesized boron subnitride.
However, the realistic crystal structure cannot be verified
based on the very limited structures under consideration
since high pressure (i.e., the experimental pressure of
~7.5 GPa) usually produces various polytypes that serve
as the competitors through structural evolution. Besides
the stability, the crystallographic information [i.e., X-ray
diffraction (XRD) pattern] and intrinsic electronic property
(i.e., metallic conductivity) reflected by the experimental
characterizations [18,19] should be consistent with the
candidate structures, yet all these factors were largely
neglected in previous studies.

Given that borides formed from P (BgP) [31,32] and
As (BgAs) [32,33]—which have the same valence electron
arrangement (25> 2p’) as N—are semiconductors, it is rea-
sonable to believe that the conductivity of boron subnitride
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is highly determined by the local bonding patterns associ-
ated with N atoms. Consequently, these characteristics are
expected to play a dominant role in its mechanical behavior.
Further considering the complex high-pressure phase transi-
tion paths as discovered in elemental boron [23] and boron
suboxide [34,35], and even more generally the modifica-
tion due to pressure sensitivity of local structural characters
(e.g., the pressure-induced metallization of «-Bj, caused
by the shortening of the three-center bonds [36,37], and
the high-pressure mechanical softening of B4C dominated
by the bending of the three-atom chain [38,39]), it is nat-
ural to wonder whether the localized (i.e., N-related and
B-B homonuclear bonds) orbital patterns of boron subnitride
could be substantially altered under pressure, leading to the
potential phase transition that impacts the deformation mech-
anism and brings about novel mechanical properties. This
phenomenon would be encouraging since the widely used
B,-based compounds, e.g., boron carbide and boron subox-
ide, find very limited application under extreme environments
due to their structural instability [38,39] and intrinsic low
stiffness [11,40].

In this Letter, by evaluating the pressure-dependent ther-
modynamic stability of the B-N system, we show that both
the proposed BgN, B3N, and B1gNg are metastable, in which
R3m BgN represents the actual crystal structure of the exper-
imental phase. At 120 GPa, the electron-deficient R3m BgN
transforms into an electron-precise semiconductor because
of the orbital repopulation associated with the N-N and the
intericosahedra B-B bonds. This N-N bond endows R3m B¢N
with extraordinarily high stiffness and plays a dominant role
in bearing large shear loadings, resulting in effective strength-
ening at high pressures. Similar behaviors are also observed in
Cmcem BgN, a nanotwinned phase of R3m BgN with 8-B¢O-
like crystal structure.

Since high pressure enables the creation of new ma-
terials through phase transition [29], the identification of
experimentally synthesized boron subnitride first requires a
comprehensive thermodynamic assessment on the B-N sys-
tem at both normal and experimental pressure. Our extensive
structure search based on evolutionary algorithms success-
fully predicted a unique Pmna BgN phase and reproduced
several boron subnitride polymorphs [41] (see Fig. S1 and
Table S1 in the Supplemental Material [42] for details of
crystal structure; see also Refs. [4,18,29,43-71]). The con-
vex hulls show that both R3m BgN, R3m B3N, and B3gNg
are metastable regardless of zero or high pressures, whereas
only Cmca BgN is the stable phase lying in the convex
hull [Fig. 1(a)]. However, the serious mismatch between the
simulated XRD pattern of Cmca BgN with the experimen-
tal data excludes it as the boron subnitride candidate, and
other BgN structures as well as C2/m B3N, can also be
ruled out for the same reason [Fig. 2(a)]. For R3m B3N,
and B3gNg, noticeable deviations of the main diffraction
peaks can be detected in the 1/d spacing range of 0.2-0.5
[Fig. 2(b)], strongly challenging the rationality of these
two structures. Besides, the semiconductor feature of B3gNg
(Fig. S2(a) [42]) and the dynamic instability of R3m B3N,
(Figs. S3(a) and S3(c) [42]) disqualify them from being the
experimental phase. In contrast, R3m BN reproduces not
only the experimental XRD pattern perfectly [Fig. 2(b)], but

its metallic feature (Fig. S2(b) [42]), phonon (Figs. S3(b)
and S3(d) [42]) and mechanical stabilities (single-crystal con-
stants [58,72] listed in Table S2 [42]) were corroborated. We
further provide a possible explanation for the formation of
R3m BgN from the kinetic aspects by considering the starting
material and the reaction process [18,68] (see Supplemental
Material S4, for details [42]). This formation mechanism is
indirectly supported by the kinetics revealed in the synthesis
of R3m B¢O [70,71], in view of their significant structural
packing similarity to the “supericosahedron” of 8-B [4,69].
Hence, R3m BgN represents the most likely crystal structure
of the experimentally synthesized boron subnitride, which is
consistent with the initial speculation of Hubert et al. [18].

To further probe the stability and the potential phase tran-
sition of R3m BgN under extreme conditions, the pressure-
dependent enthalpy relations of different BN polymorphs
were calculated. As shown in Fig. 1(b), a potential phase
transition can be observed between the Pmna and Imma
phases, while they are not related to R3m BgN. It is an in-
teresting finding that Cmcm BgN is slightly more stable than
R3m BgN, with a formation enthalpy at ambient pressure of
only ~2.1 meV lower than the latter, which can be seen as a
1 x1 zigzag nanotwinned phase of R3m BgN. These findings
show a high similarity to the relations between boron suboxide
R3m BgO and its nanotwinned Cmcm BgO that both have
been successfully synthesized [34,73,74]. The above results
and the verified lattice and mechanical stabilities (Fig. S4,
and Tables S2 and S3 [42]) indicate that once R3m B¢N and
Cmcm BgN are synthesized, they can be stable to at least
200 GPa without any structural phase transition. However,
an unexpected nonlinear decrease in the volume changes of
R3m BgN emerges, corresponding to the turning point of its
c/a variation at 120 GPa [Fig. 1(d)]. The key bond length
changes [Fig. 1(c)] show that homonuclear N-N and B,—B,,
bond lengths are substantially reduced by ~51% and ~13%,
respectively, whereas the heteronuclear B,—N bond varies
negligibly (~3%), which follows the general propensity of in-
creased homogeneity under pressure indicated by the diatomic
Hiickel model [29]. Particularly, the N-N distance (1.61 A)
becomes closer to the typical N-N single bond (1.45 A) [75],
which may indicate a nonbonding to single bonding state tran-
sition. Similar structural changes are also observed in Cmcm
BeN (Fig. S5 [42]). These behaviors are plausibly a sign
of isopointal phase transition since the symmetry (the space
group and Wyckoff positions) of R3m BgN and Cmcm BgN
remains unchanged, and the formation of the N-N bond along
with the increased B,,—B, interactions may be the underlying
driving mechanism for such electronic transition.

To verify the above picture, we first calculated the elec-
tron localization function (ELF) of R3m B¢N and Cmcm BgN
at zero and high pressures (Figs. 3(a) and S6(a) [42]). The
ELF map clearly shows the appearance of covalent bonding
characters between N sites at 120 GPa (red rectangles), which
is also evident by their valence charge density difference
(VCDD) variations, where the charge accumulation area can
be observed in the center of the N-N bond at 120 GPa (black
rectangles). Further increasing the pressure to 200 GPa, this
N-N bonding situation remains unchanged. Atom-resolved
band structures unveil that the metallic nature of these two
structures at ambient pressure mainly involves B, (or Bp)
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FIG. 1. (a) Convex hull diagram for B-N system at zero and experimental pressures. Only stoichiometries with formation enthalpies lying
on convex hull (solid symbols) and the potential boron subnitride candidates (insets) are presented. (b) Relative enthalpy vs pressure for
different BgN phases. (c) The crystal structure of R3m B¢N (left) and characterization of structural changes at 0 and 120 GPa (right). (d)
Volume, lattice parameters and key bond lengths of R3m BN in relation to pressure.
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FIG. 2. (a), (b) Simulated XRD patterns of several boron subnitride and the experimental pattern reproduced from Ref. [18].
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FIG. 3. (a) VCDD (left panel) and ELF (right panel) of R3m BgN at 0, 120, and 200 GPa (from top to bottom). Color scales for VCDD and
ELF run from —0.05 to 0.1 and O to 1, respectively. Band structures of R3m BN at (b) 0 GPa, (c) 120 GPa (GGA), and (d) 120 GPa (HSE).

and N atoms (see the partially occupied bands across the
Fermi level) (Figs. 3(b) and S6(b) [42]). When the pressure
increases to 120 GPa, individual N-contributing bands ap-
pear above the Fermi level (black rectangles in Figs. 3(c)
and S6(c) [42]), which results in the separation between the
conduction and valence bands. These band structures were
also confirmed by the calculations using the hybrid functional
method (HSEQ6) [54], which exhibits a semiconductor feature
with a band gap of ~0.8 eV for R3m B¢N [Fig. 3(d)] and
~1.3 eV for Cmcm BgN (Fig. S6(d) [42]), verifying a metal-
semiconductor transition (MST). Figure S7 [42] shows that
both GGA and HSE reveal this transition in the same manner
but only the former underestimates the band gap. Hence in the
following discussion, we will focus on the GGA results.

By analyzing the crystal orbital Hamilton population
(COHP) of B,—B,, B,—N, and N-N bonds, the correlation
between the orbital pattern with this unprecedented isopointal
MST is obtained for R3m BgN. At zero pressure, an eye-
catching bonding state across the Fermi level can be observed
in the B,—B, bond [red arrow in Fig. 4(a)], which corre-

sponds to the small spindle-shaped charge confirmed by the
partial charge density (PCD) [red arrowheads in Fig. 4(c)],
indicating its partially occupied feature, while for the N-N
bond, neither bonding nor antibonding fingerprints can be
found because of its nonbonding nature. However, the calcu-
lated orbital-resolved density of states (DOS) clearly shows a
large electronic state around the Fermi level that arises from
the N atoms (blue arrow). The associated orbital pattern [blue
arrowheads in Fig. 4(c)] reveals that such electronic states
represent the distribution of the lone pair electrons lying in
the 2p, orbital which stems from the sp?-like hybridizations
of the N atoms, evidenced by the detailed orbital-resolved
DOS (Fig. S8 [42]) and the slightly disturbed planar con-
figuration possessed by three equivalent B,—N bonds (bond
angle is ~118.7°). After the phase transition at 120 GPa, a
pronounced bonding state can be observed in the N-N bond
as expected [the corresponding bond strength (-ICOHP) is
~6.53] [Fig. 4(b)]. Accordingly, a o* antibonding state [blue
arrowheads in Fig. 4(d)] appears above the Fermi level, where
the original lone pair electrons participate in N-N bonding.
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states derived from (c) partially occupied bands that cross the Fermi level at 0 GPa and (d) VBM and CBM at 120 GPa. The same PCD
isosurface 0.013 is adopted. (e), (f) Schematic representation of the electron occupation changes from 0 to 120 GPa, where the upper and lower
parts show the bonding orbitals related to the N-N and B,—B,, bonds, respectively, and the electrons are color coded to match the atoms that

donated them.

Meanwhile, the partial filling bonding states of the B,—B,
bond are being fully filled (red arrow), corresponding to the
large charge accumulation regions in the PCD of the va-
lence band maximum (VBM) [red arrowheads in Fig. 4(d)].
In contrast, the B,—N bond is rarely affected by pressure
with a negligible increase of -ICOHP ~0.02, and remains the
strongest bonding unit. Very similar results are also observed
in Cmcm BgN, except that the lone pairs present in the 2p,
orbitals (Fig. S9 [42]). It is noteworthy that the MST observed
in boron subnitride is highly unusual because in other icosa-
hedral borides, the electronic behavior under pressure can be
attributed to the bandwidth changes dominated by the CBM
states [76] (Fig. S10 [42]) rather than the repopulation of local
bonding orbitals.

In combination with the established bonding characters
that have achieved success in explaining the physical prop-
erties of icosahedral borides [77-81], taking R3m BgN as an
example, we assigned a simplified electron counting scheme
to understand such transition [Figs. 4(e) and 4(f)]. Recall that

26 of 36 valence electrons provided by the B, icosahedron
must occupy the 13 intraicosahedral bonding orbitals to sat-
isfy Wade’s rule (i.e., to stabilize the B, skeleton [29,82]),
which leaves only ten electrons to fill the 12 external bond-
ing orbitals [six bonds between polar B (B,) atoms and six
bonds between equatorial B (B,.) atoms and chain atoms],
resulting in an electron deficiency of 2. In «-B,, such electron
deficiency is resolved by forming a pair of two-electron three-
center (2e3c) bonds among the six equatorial atoms [83],
while in icosahedral compounds, the atomic chains running
along the rhombohedral cell axis play an essential role in bal-
ancing such electron deficiency, depending on the numbers of
electrons needed for intrachains [30,80,81,84]. For R3m B¢N
at zero pressure, three of the five valence electrons of each N
atom are utilized to fulfill six B, —N bonding orbitals. Because
of the 2e deficiency, each six B,—B, bond exhibits a partially
filled 5/3e2c bond, And the nonbonding nature between N
atoms makes the remaining two electrons placed as lone pairs
but provides no additional electrons, forcing the R3m BgN to
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behave as being electron deficient and thus metallically con-
ductive. When the pressure increases to 120 GPa, the (N-N)*+
dumbbell forms, and breaks the lone pairs and leaves a surplus
of one electron for each N atom. Consequently, the partially
filled B,,—B, bonding orbitals become fully occupied through
the compensation by these two electrons, eventually becoming
an electron-precise B%g (N-N)** with semiconducting proper-
ties. Note that the chain atoms contributing electrons to the
B,—B, bond were also observed in B{3C; [80,85]. The occur-
rence of this charge transfer also provides direct proof for the
predicted change of electronegativities under pressure [86].
To elucidate the effect of MST on the mechanical behaviors
of R3m BgN and Cmcm BgN, we first calculated their elastic
moduli under pressure and compared them with other By;-
based compounds. As shown in Fig. S11(a) [42], MST leads to
an obvious increase in the bulk modulus of BgN, which finally
exceeds that of BgO at higher pressures. More strikingly, the
shear modulus of BgN continues to increase with pressure,
exceeding B¢O by ~65% at 120 GPa and even reaching

390 GPa at 200 GPa (Fig. S11(b) [42]), almost twice as high as
the latter. These sharp increases of modulus correspond to the
rapid decrease of the N-N bond distance (Fig. S11(c) [42]).
The orientational features of shear modulus shown in Fig.
S11(d) [42] show that B¢N exhibits a more isotropic feature
than BcO at 120 GPa, whereas the latter shows extreme direc-
tional dependence. This can be attributed to a more average
spatial electron density [87] resulting from the MST, i.e., a
simultaneous stiffening of the N-N bond, B unit, and B,—B,,
bond, in contrast with the localized electron densification and
bond stiffening in B¢O without O-O bonding.

We next turn to the atomistic understanding of the defor-
mation mechanisms of boron subnitride under large strains,
obtained by imposing shear strain along their possible slip
systems at different pressures (Figs. S12 and S13 [42]). The
stress-strain relationships along the weakest shear path and
the corresponding ideal strength, which are highly corre-
lated to the realistic plastic behavior of the Bj, compounds
[6,73,88-90], are summarized in Figs. 5(a) and 5(b). For
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R3m BgN, the (001)[110] slip system has the lowest shear
strength of 33.7 GPa under a critical strain of 0.33 at zero
pressure. The bond length variations [Fig. 5(c)] show that
the B,—B, bond continues to weaken and the stress drops
abruptly after it is broken (as illustrated by the complete
disappearance of localized electrons in Fig. S14 [42]), indi-
cating the B,—B, bond is the main load-bearing component.
As the pressure increases from 0 to 40 and then to 80 GPa,
R3m BgN undergoes a process from a slight strengthening to
a sudden softening due to the changes in the weakest slip
system and the associated load-bearing units (Fig. S14 [42]).
When the pressure reaches 120 GPa (i.e., MST pressure), the
stress response exhibits an intriguing creeplike deformation
mode [87,88,91], where a second response regime appears
from the strain of 0.90-0.14 after the peak-to-valley drop.
This unusual behavior stems from a sequential bond break-
ing process. As shown by the bond length and ELF changes
[Fig. 5(d)], the formation of the N-N bond at this pressure
allows it to bear the loadings and dominates the first stage
of the rapid stress growth (up to a strain of 0.08). After the
stress release by the breaking of N-N bonds (the correspond-
ing ELF value decreases drastically from ~0.79 to ~0.38),
the B, unit becomes the main load-bearing component, pro-
ducing the second response regime until it disintegrates [see
black dashed circles in Fig. 5(d), where the complete charge
network used to stabilize the B, skeleton is broken]. The
deformation behavior at 200 GPa exhibits a similar pattern to
that at 160 GPa (Fig. S14 [42]), where the N-N bond strength
becomes very close to that of the strongest B,—N bond (the
-ICOHP difference is only ~0.72), thus achieving a signifi-
cant enhancement in strength (54.2 GPa) that is comparable to
that of B¢O (57.5 GPa) (Fig. S15(a) [42]). It is worth noting
that although B¢P has the shortest chain bond among these
B»-based borides, its P-P bond is rarely affected by pressure
(Fig. S11(c) [42]). The weak P-P bond does not contribute
to resist plastic strain at high pressures, and thus leads to
very low strength (e.g., 22.5 GPa at 200 GPa) (Fig. S15(b)
[42]). Owing to the comparable bonding situations, Cmcm
BgN possesses similar deformation behaviors (Figs. S16 and

S17 [42]) to R3m BgN. In brief, the extraordinary MST-driven
stiffening is attributed to the complex competition between
different structural fragments, where various bonding units
in boron subnitride exhibit a distinct mechanical response,
resulting in different strengths and failure strains. This goes
beyond the previous studies on a few boron-rich compounds
at ambient pressure condition [11,73,81,88], offering fresh
insights into a broader class of covalent crystals with complex
bonding networks.

In summary, we identified the realistic crystal structure of
the long-debated boron subnitride as R3m BgN and elucidated
the electronic origin for its experimentally observed unique
metallic feature. The isopointal MST was revealed by the local
orbital population coupling between different homonuclear
bonds under high pressure. At 120 GPa, the breakage of the
lone pairs lying in the N-2p, orbital resulting from the forma-
tion of a (N-N)?>* dumbbell compensates for the unoccupied
bonding states of the intericosahedra B-B bonds, thus turning
it into an electron-precise B%g (N-N)>*. The MST leads to the
ultrastiffening of boron subnitride, where the N-N bond grants
it the highest modulus among B;-based compounds and plays
a dominant role in its exceptional strength. These findings
broaden the in-depth understanding of the boron-based com-
pound, and contribute to a comprehensive grasp of chemical
pattern modifications under high pressures.
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