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The crystal structure of BC,N and the origin of its superhardness remain under constant debate, hindering its
development. Herein, by evaluating the x-ray diffraction pattern, the thermodynamic stability at normal and high
pressures of a series of BC,N candidates, the (111) BC,N,,, superlattice (labeled R2u—BC,N) is identified as
the realistic crystal structure of the experimentally synthesized BC,N. We further reveal that the strain-induced
Friedel-like oscillations dominates the preferable slip systems of R2u—BC,N by drastically weakening the
heterogenous bonds across the slip plane and thus leads to its ultralow dislocation slip resistance, which origi-
nates from the metallization triggered by the reduction in energy separation between bonding and antibonding
interactions of the softened bonds. Our results rule out R2u—BC;N as the intrinsic superhard material surpassing
c-BN, whereas the experimentally determined extreme hardness can be attributed to the nanocrystalline grains
glued by interfacial amorphous carbon which provides a strong barrier for plastic deformation. These findings
provide a view of the longstanding issue of the possible structure of experimentally observed BC,N, and establish
a mechanism underlying the strain-driven electronic instability of superlattice structures, providing guidance

towards rational design of superhard materials.
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Superhard B-C-N ternary compounds have gained signif-
icant interest because of their unique thermodynamic and
mechanical properties as well as numerous potential applica-
tions [1-6]. However, unresolved challenges regarding their
theoretical and experimental aspects hinder their develop-
ment. The successful synthesis of single BC,N phase at high
pressure [7,8] initiated a longstanding disagreement regard-
ing its actual crystal structure, i.e., whether carbon can be
randomly distributed in BN lattice or vice versa because
they are thermodynamically immiscible with minor lattice
mismatch [9,10]. Although experimentally synthesized BC,N
was reported to possess extreme hardness, the origin of its su-
perhardness remains under debate [9-13]. This is because the
plasticity might shift from crystal’s inside to interface when
the crystalline size approaches the nanometer scale, eventually
inducing the strongest size effect [6,14,15], yet these facts are
generally ignored in previous studies.

Generally, two classes of candidate structures have been
proposed to fit the experimentally synthesized BC,N by re-
producing experimentally determined x-ray diffraction (XRD)
patterns and following calculated formation enthalpy un-
der ambient conditions. The first class includes substitu-
tional solid solutions with diamondlike parent lattices, e.g.,
BC,N—n (n = 1-7) [16], t-BC;N, z-BC,;N, and z*-BC;N
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[17,18]. Although these structures provide somehow con-
sistence to the XRD patterns, minor deviation still exists,
challenging the rationality of these structures, yet this agree
with the high formation enthalpy of these compounds under
ambient conditions. To account for this deficiency, Chen et al.
[12], Li et al. [19] and Liu et al. [20] successively suggested
the second-class candidates, i.e., (111) superlattice structures
formed by sequentially stacking ¢-BN and diamond layers,
which have better thermodynamic stability than the solution
types because of the immiscible feature between c-BN and
diamond under ambient conditions. However, the formation
enthalpy under ambient conditions does not guarantee the
stability at high pressure (i.e., the real experimental pressure
~20 GPa for BC,;N) which might stabilize some novel un-
stable/metastable structures via lattice distortion involving the
local bond twisting, rotating, and even reconstruction.
Regarding the origin of the extreme hardness of BC;N,
it is believed that the disordering of BC,N solid solution
may induce strength enhancement owing to the random dis-
tribution of C-C bonds that are stronger than B-N bonds,
and consequently this was used to explain the intrinsic su-
perhardness of BC,N [17,18]. Unfortunately, this explanation
is only plausible if the structure of BC,N is determined to
be a solid solution, whereas the fact that the formation en-
thalpy of BC,N solid solution is higher than that of BC;N
superlattice under ambient conditions does not seem to sup-
port this type of structure. In BC;N superlattice, the periodic
heterogenous interfaces formed by the ordered alignment of
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FIG. 1. (a) Relative enthalpy vs pressure for BC,N. bc-BC,N is taken as reference. (b) Simulated XRD patterns of R2u—BC,N and
experimental pattern reproduced from Ref. [8]. (¢) Crystal structure of R2u—BC;N. (d) Enlarged diffraction peaks of simulated XRD patterns
of Rnu—BC;,N (rn = 1-4) and experimental pattern reproduced from Ref. [8].

B-N and C-C bonds may cause peculiar electronic behavior,
e.g., charge perturbations observed in nanotwinned c-BN [21]
and TmN/SiNx nanocomposite systems [22], which would
also significantly affect the mechanical strength. Considering
BC;,N superlattice is the most realistic experimentally synthe-
sized BC;N, we need to clarify whether BC,N is an intrinsic
superhard material exceeding ¢-BN or not, and the origin of
its experimentally observed superior hardness. This requires a
more realistic justification based on both the intrinsic plastic
resistance of constitute crystal and the nano-size effects tuned
by strongly bonded interface, because these two aspects may
compete to serve as the major plastic and fracture mechanisms
for the experimentally synthesized nanostructured BC,N.
Here we show that superlattice structures maintain the op-
timal thermodynamic stability from normal to high pressures
compared to any solid solutions, and the R2u—BC;N is fur-
ther verified as the synthesized BC,N phase not only based on
its stability, but also by its perfectly reproduced XRD pattern.
By comparing the plastic descriptors, such as ideal strength
[23,24] and Peierls stress [25,26], of R2u—BC,N and ¢-BN
under various deformation conditions, it is surprisingly found
that the Friedel-like oscillations of valence charge density
remarkably limit the dislocation slip resistance of R2u—BC,N
by softening the heterogenous bonds across the slip plane.
Through large scale atomistic simulations, we demonstrate
further that the interfacial amorphous carbon, rather than the

crystal’s inside, dominates the plastic flow in nanostructured
BC;,N, providing a realistic explanation for the measured ex-
treme hardness, albeit weak bonding nature of R2u—BC,N.
Thermodynamic stability at normal pressure does not
guarantee the stability at high pressure because pressure
will fundamentally change the stability sequence of differ-
ent phases depending on their formation enthalpy. However,
since its discovery through high pressure experiments, the
possible structures of BC,N were proposed based on the ener-
getic stability under ambient conditions, while neglecting the
pressure contributions. To demonstrate the real candidate of
BC;,N, we systematically investigated the pressure-dependent
thermodynamic stabilities of two short period (111) BC,N
superlattices (i.e., Rlu-BC;N and R2u—BC;N), and those of
several substitutional solutions proposed in previous studies
[12,16,18,27-29] [Fig. 1(a)]. It is clearly seen that two BC,N
superlattices possess the lowest formation enthalpy among all
the proposed candidates under zero pressure, which is consis-
tent with theoretical calculations [12,19,20]. As the pressure
increases from 0 to 200 GPa, the superlattice R2u—BC,N
remains the most energetically stable phase, with forma-
tion enthalpies much lower than those of the solutions and
~0.07 eV/atom lower than that of R1u-BC,;N at an ex-
perimental pressure of 20 GPa [8]. The XRD pattern
of R2u—BC,;N was simulated with x-ray wavelength A =
0.424 A and grain size d =5 nm, which are identical to
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FIG. 2. (a) Tensile and shear stress-strain curves of R2u—BC;N, and those of ¢-BN along its weakest tensile direction and shear path.
Insets shows the key bond lengths (marked as “L1” to “L4”) variations in R2u—BC,N and c-BN under tensile and shear strains. Snapshots of
deformed structures at equilibrium, peak and instability strains: (b)—(d) R2u—BC;N and (e)—(g) c-BN under tensile strains, (h)—(j) R2u—BC,N
and (k)—(m) c-BN under shear strains. The structure transformation of B-N layers in R2u—BC,N under shear loading are highlighted as pale

brown areas.

the experimental conditions [8]. Obviously, all the simulated
diffraction peaks for R2u—BC,N show excellent agreement
with the experimental ones [Fig. 1(b)] that can be seen as
the stacking of two layers of ¢-BN and two double layers of
diamond as illustrated in Fig. 1(c). It is interestingly found
further that the total energy decreases as the number of stack-
ing layers (i.e., superlattice period) increases, suggesting that
the longer period structures are more energetically favored
than R2u—BC,N [9,12]. Nevertheless, the simulated XRD
patterns of the other superlattice candidates do not match
the experimental XRD pattern, which shows two significant
deviations between 5 ° and 10 ° [Fig. 1(d)], disqualifying them
as BC,N candidates. The lattice stability of R2u—BC,N is
further evaluated. In Fig. S2, the phonon dispersions at pres-
sures from 0 to 20 GPa are positive for all wave vectors in the
whole Brillouin zone, i.e., no imaginary modes are present,
indicating its dynamical stability at zero and high pressures.
Additionally, the mechanical stability of R2u—BC,N is cor-
roborated by calculating its single-crystal elastic constants
at zero and high pressures, all of which satisfy the elastic
stability criterion [30,31] (Table S1 in the Supplemental Mate-
rial [32], Refs. [14,24,25,31,33-63]). Hence, the superlattice
R2u—BC;N represents the most realistic crystal structure of
the experimentally synthesized BC,;N, which supports the
findings of Li et al. [19] albeit the pressure dependence being
neglected for the latter.

The intrinsic lattice and extrinsic microscopic contri-
butions [14] were considered simultaneously to obtain a
realistic quantification of the mechanistic origin of the BC,N

superhardness. We first demonstrate the former by comparing
the calculated ideal strength, ideal cleavage/slide stress, and
Peierls stress. Figure 2(a) shows the anisotropic stress-strain
relationships of R2u—BC,N under various affine tension and
shear loadings. The tensile stress of R2u—BC,;N along the
[001] direction exhibits the lowest peak value (74.8 GPa),
which is higher than that of ¢-BN (65.4 GPa) along the [111]
direction. The bond length variations under the [001] strain
clearly show that, while the four non-equivalent bonds [“L1”
to “L4” in Fig. 2(b)] weaken with increasing strain and break
at the same strain of 0.13, “L3” (1.51 A) and “L4” (1.50 A)
are much shorter than the B-N bond (1.55 A) in ¢-BN [“L1”
in Fig. 2(e)] under equilibrium condition. This characteristic
is maintained for a wide strain range of 0.00-0.12, indicating
these two stronger bonds are the main load-bearing units re-
sisting the applied strain, thereby producing a larger tensile
stress than that of c-BN. A similar stacking sequence between
(001) of R2u—BC,N and (111) of ¢-BN allows similar break-
age modes under tensile deformation [Figs. 2(d) and 2(g)],
i.e., strain-induced graphitization [64,65]. Interestingly, along
the weakest (001) [210] shear path, the ideal shear strength
of R2u—BC;,N (62.7 GPa) is slightly lower than that of c-BN
(65.3 GPa). This originates from the more profound softening
of B-N bond in its B-N layers than B-N bond in ¢c-BN when
strain increases, i.e., the bond length of “L1” in R2u—BC,N
[Fig. 2(h)] increased by 0.23 A when the strain increases
from 0.00 to 0.24, whereas that of “L2” in ¢-BN increased by
0.10 A [Fig. 2(k)]. In stark contrast to the lattice instabil-
ity mode of ¢-BN, “L1” in R2u—BC;N immediately breaks
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FIG. 3. (a) Topological structure of R2u—BC,N with the possible weakest cleavage/slip planes marked as dotted lines. (b) GSFEs of
different slip planes, (c) derived slide stress of shuffle-set planes, and (d) Peierls stress of different slip planes in R2u—BC;N, together with
those in ¢-BN shown for comparison. R2u—n (n = 1-4) in (d) represents the corresponding Peierls stress of S/G1-4.

when the stress drops, and the initial lattice configuration is
transformed into a new one that exhibits mirrorlike symmetry
with the original B-N layer [highlighted areas in Figs. 2(i)
and 2(j). This unexpected inferior shear strength relative to
c-BN casts a doubt on the previous conclusion of the intrinsic
superhardness of BC,N.

The weakest links of the R2u—BC;,N crystal were deter-
mined through comparing anisotropic ideal strengths along
different crystallographic directions or slip systems to cor-
relate the cleavage fracture or slip dislocation mobility,
respectively [14,42,66]. As shown in Fig. 3(a), there are
eight nonequivalent (001) cleavage/slip planes including four
shuffle-set (“S1” to “S4”) and four glide-set (“G1” to “G4”)
planes. The cleavage energies of shuffle-set planes are much
lower than that of the glide-set planes (Fig. S3) because the
vertical bonds within the shuffle-set plane are much weaker
than the connected triple-bonds related to the glide-set planes
when the alias tensile deformation is applied. The shuffle-set
planes were further examined and a minimum ideal cleavage
stress of 96.47 GPa for R2u—BC;N is observed along the nor-
mal direction of “S4”, which is lower than that of c-BN (99.2
GPa), suggesting its inferior decohesion resistance to c-BN.

The key descriptor representing the threshold stress that
makes the dislocation move irreversibly, i.e., Peierls stress,
which is ultimately linked to the hardness of a real material

[14], was analyzed thoroughly to determine the plasticity re-
sistance. As seen in Fig. 3(b), the profiles of the generalized
stacking fault energy (GSFE) of R2u—BC;N agree with those
of ¢-BN. Therefore, similar to c-BN, the unstable stacking
fault energies (SFEs) of shuffle-set planes along the [1210]
direction with the associated Peierls stress, and those of the
glide-set ones along the [1010] direction with the associated
Peierls stress of a partial dislocation are crucial for com-
prehending the hardness of R2u—BC,;N [40]. As shown in
Fig. 3(d), the lowest Peierls stress (1.17 GPa) of glide-set
plane in R2u—BC;N is observed in “G4” and lower than that
of c-BN (3.28 GPa) because of its lower SFE compared to
c-BN [Fig. 3(b)]. Surprisingly, the lowest Peierls stress of
shuffle-set plane observed in “S2” is much lower than ¢c-BN
(10.13 GPa), at 3.87 GPa, which is highly unusual because
the R2u—BC;,N has much higher SFE and slide stress in
“S2” than c¢-BN [Figs. 3(b) and 3(c)]. By comparing the
shape of their GSFE curves, a “flat peak” can be observed
for R2u—BC;,N [green area in Fig. 3(b)], that corresponds
to a “smooth turn” in its slide stress curve starting from
u = 0.35 [green arrows in Fig. 3(c)]. This behavior suggests
the appearance of bond softening, which may be responsible
for its anomalously ultralow Peierls stress.

To gain in-depth insight into the unprecedented bond soft-
ening in R2u—BC;,N, we traced the bond length variations of
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FIG. 4. (a) Bond length variations in several layers around slip plane “S2” as a function of the displacement u in R2u—BC,N, compared
with those in c-BN. VCDD of (b)—(d) R2u—BC;N and (e)—(g) c-BN. DOS curves of (h) R2u—BC,N and (i) c-BN under various displacements
u. The same isosurface level of 30.017 electrons/Bohr? is used. Yellow and blue regions signify the states of charge accumulation (position)
and depletion (negative), respectively. The Fermi level is set to zero. The electronic perturbations are highlighted as light purple areas in

VCDDs.

several layers around the slip plane “S2” with the associated
valence charge density difference (VCDD) evolutions, and
compared these with those of c-BN. As shown in Fig. 4(a),
when the strain increases from 0.00 to 0.30, the C1-N1 bond
within “S2” in R2u—BC;,N remain shorter than the B1-N1
bond in ¢-BN, indicating the stronger bonding character of

C1-N1 bond than B1-N1 bond. After the strain of 0.30, unex-
pectedly, the C1-N1 bond length increases steeply to 2.40 A
at the strain of 0.50, being much longer, i.e., weaker than the
B1-N1 bond (2.16 A) in c-BN. This suggests that significant
bond softening occurred in C1-N1 bond because of the large
shear strain, explaining the appearance of the “flat peak” in its
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GSFE curve. Even more strikingly, similar behavior can also
be found in the first and second adjacent layers to “S2”, in
which the surges in the bond length variations appear when
the strain surpasses 0.30, whereas these bond length changes
are negligible in c-BN. The notable difference in the bond
length variations between R2u—BC,N and ¢-BN is attributed
to their distinct localized charge transfer process during slip-
ping where a wide electronic perturbation perpendicular to
the “S2” is observed in R2u—BC;N, involving the sequen-
tial strengthening/weakening of the bonds adjacent to C1-N1
bond [red and blue arrows in [Figs. 4(b)—4(d)]. These oscil-
lations of bond lengths and strength represent the Friedel-like
oscillations of valence charge density, shown in Figs. S4(a)
and S4(b), analogous to the phenomenon found adjacent to
the surfaces and interfaces of electronically perturbed solids
[22,67]. As a consequence, the bond strength of C1-N1 de-
creases drastically, leading to its ultralow Peierls stress. While
in ¢-BN, the charge perturbations occur predominantly within
the slip plane, and rarely affect the near-neighboring atoms
[Figs. 4(e)-4(g) and Figs. S4(c) and S4(d)]. Density of state
(DOS) analysis reveals that the strain-induced Friedel-like
oscillations accompanied by the metallization of R2u—BC;N,
which corresponds to the emergence of electronic states at the
Fermi level after the critical shear displacement [red arrows in
Fig. 4(h)]. In contrast, the band gap of ¢c-BN decreases with
increasing strain and no metallization is observed [Fig. 4(i)].
By further analyzing the crystal orbital Hamilton pop-
ulation (COHP) of the bonds around the slip plane in
R2u—BC;,N, and compared with that of ¢-BN, a deep un-
derstanding is obtained on the aforementioned metallization.
Under equilibrium condition, the C1-N1 bond of R2u—BC,;N
displays an antibonding fingerprint below the Fermi level
[blue arrow in Fig. 5(a)], which may explain its metastable
feature with respect to diamond and c-BN. After slipping
along “S2”, the remarkably weakened B1-N2 and C2-C3
bonds caused by the Friedel-like oscillations, exhibit large
bonding states around the Fermi level [red arrow in Fig. 5(b)].
These fascinating bonding features indicate that, as the B1-N2
and C2-C3 bonds weaken, the energy of the bonding states
increases and that of the antibonding ones decreases, resulting
in the closure of the energy gap. This drives the localized
bonding electrons around “S2” into a delocalized antibonding
state, thereby eliciting the metallization. In comparison, no
bonding states are found in ¢-BN that cross the Fermi level

[Fig. 5(c)]. It is noted that these oscillations do not occur when
slipping in the weakest glide-set plane “G4” in R2u—BC;N.
As shown in Figs. S5(a)-S5(g), the bond length variations and
charge distributions around “G4” in R2u—BC,N are essen-
tially equivalent to those in c-BN. Therefore, no metallization
is found in either R2u—BC,;N or ¢-BN [Figs. S5(h) and
S5(i)], while a lower Peierls stress than ¢-BN is mainly at-
tributed to the lower intrinsic bonding strength of N1-B1 bond
within “G4” than that of the N1-B1 bond in ¢-BN, because
as the strain increases, the latter becomes more shorter and
stronger than the former. Besides, different from the Friedel
oscillations observed to occur in Ti-Si-N nanocomposites
systems [68,69] at equilibrium and leads to poor strength
under uniform strain, the metallization in R2u—BC,;N does
not occur under these conditions (Fig. S6), which explains
its ideal shear strength is only slightly lower than that
of c-BN.

Based on the aforementioned investigations on the intrinsic
mechanical properties of R2u—BC;,N, it can be concluded
that R2u—BC,;N cannot be ranked as the intrinsic super-
hard material superior to c-BN, due to its lower ideal shear
strength, weaker interplanar cleavage, and dislocation slip
resistance. This conclusion strongly challenges the previ-
ous conclusion on the superhardness of BC;N based on the
intrinsic mechanical strength [11,12,20]. The microscopic
origin of nanostructured BC,N materials was further inves-
tigated using large-scale molecular dynamics simulations.
According to experimental information, the BC,N materials
with a nanocrystalline structure adhered together by carbon
amorphous interfacial layer (AIL) with varying thicknesses
(illustrated in Fig. S7) were constructed and then loaded by
uniaxial stress. Compared with the BC;N nanostructure with-
out AIL, the dislocation nucleation and penetration at grain
boundaries reduced considerably in the BC,N nanostructure
containing a 1-nm-thick AIL [Figs. S7(b) and S7(c)]. As the
thickness of AIL increases to 2 nm [Fig. S7(d)], such as
that in the experimentally synthesized sample [8], almost no
lattice dislocations are observed, indicating that the deforma-
tion mechanism switched from lattice dislocation to interface
sliding. This phenomenon is consistent with that observed in
the nanostructured diamond and metallic materials [15,70,71].
Hence, the amorphous boundary is verified as being primarily
responsible for the experimentally observed extreme hardness
of BC,N.
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In summary, through evaluating the XRD patterns, and
pressure-dependent thermodynamic, mechanical, and phonon
stabilities, we identified the experimentally synthesized BC,N
phase as R2u—BC,;N. We further uncovered a nontraditional
bond deformation mechanism mediated by a peculiar strain-
driven electronic behavior. After the critical shear strain,
owing to the appearance of metallization, Friedel-like os-
cillations of valence charge density intensely weaken the
heterogenous bonds across the slip plane, thus remarkably
limiting the dislocation slip resistance of R2u—BC,;N. The
interfacial amorphous carbon, rather than the crystal’s inside,
predominantly contributes to its measured extreme hardness.
Our ongoing work suggest that such oscillations are likely
to be a ubiquitous phenomenon that occurs also in other
(111) superlattice boron carbon nitrides, e.g., BC4N [72,73]
and BC|)N [74], which remind us that avoiding these os-
cillations through combining nanostructure engineering and

grain boundary engineering is necessary to achieve superior
hardness of B-C-N materials.
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