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Phase stability limit of cubic boron nitride (c-BN) has been investigated by the crystal structure
search technique. It indicated that this limit is ∼1000 GPa at hydrostatic pressure condition. Above
this pressure, c-BN turns into a metastable phase with respect to rocksalt type boron nitride (rs-BN).
However, rs-BN cannot be retained at 0 GPa owing to its instability at pressure below 250 GPa. For
non-hydrostatic pressure conditions, the phase stability limit of c-BN is substantially lower than that
under hydrostatic pressure conditions and it is also dramatically different for other pressure mode.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4871897]

I. INTRODUCTION

Cubic zinc blende boron nitride (c-BN) is a superhard
material,1–6 and it has been widely used under high-pressure
conditions. Hence the phase stability limit of this material un-
der high pressure conditions is an important issue for theoret-
ical and experimental studies, and some computational works
have been performed in attempts to solve this issue. Limited
by high pressure experiment conditions, the phase stability
limit of c-BN is only performed up to 100 GPa, and existed
experimental results shown that c-BN is a stable phase at hy-
drostatic pressure up to 100 GPa.2, 7, 8 The phase stability limit
of c-BN is still a challenge for experimental study. On the
computational aspect, the phase stability of c-BN usually is
studied by comparing the enthalpy of c-BN with the other
artificial boron nitride polytypes structures under hydrostatic
pressure conditions. For example, Wentzcovitch et al.9 found
that c-BN can transform into a thermodynamic metastable
phase with respect to rocksalt type boron nitride (rs-BN) at
pressure above 1100 GPa. Similar results have been obtained
for Christensen10 and Hromadov’s11 first principles calcula-
tions. By investigating the phase transformation paths from c-
BN to hexagonal boron nitride (h-BN), wurtzite boron nitride
(w-BN) and rhombohedral boron nitride (r-BN), Yu et al.3

found that although c-BN is a thermodynamically metastable
phase at pressure above 30 GPa, it cannot be transformed
into other phases at room temperature owing to high energy
barriers from c-BN to other boron nitride polytypes. Mean-
while, many new artificial boron nitride structures have been
constructed,12, 13 and their stability have been compared with
c-BN under high pressure.

To study the phase stability limit of c-BN under high
pressure, we should find a global minimum energy (GME)

a)Author to whom correspondence should be addressed. Electronic mail:
wenbin@ysu.edu.cn

phase under high pressure. At the same time, the phase trans-
formation path and energy barrier from c-BN to the GME
phase under high pressure must be studied. Limited by the
searching technique for the GME phase, the issue about c-
BN stability limit can only be analyzed by comparing the en-
thalpy of c-BN with some artificial boron nitride polytypes
structures. Because the GME phase may not be included in
these artificial boron nitride polytypes structures, the searched
GME phase by previous method is not credible. Until 2006,
some searching methods for GME phase have been devel-
oped, such as USPEX14, 15 and CALYPSO,16–18 they use evo-
lutionary algorithms and particle-swarm optimi-zation (PSO)
algorithm, respectively. Both USPEX and CALYPSO can find
the GME phase and they have been used successfully in many
types of structures studies.18–21 Therefore, these searching
methods provide an opportunity for further investigating the
phase stability limit of c-BN. Moreover, a practical high pres-
sure condition is not always hydrostatic pressure.22 Recent
calculated results indicated that cubic diamond’s phase sta-
bility limit is ∼26 GPa at non-hydrostatic pressure condi-
tion, and it is substantially lower than phase stability limit
of diamond under static pressure condition (1200 GPa).23

Owing to the similar crystal structure between c-BN and cu-
bic diamond, it is expected that the phase stability limit of
c-BN under non-hydrostatic pressure conditions must be dif-
ferent from that under hydrostatic pressure conditions. To
study the phase stability limit of c-BN under hydrostatic and
non-hydrostatic pressure conditions, USPEX,14, 15 a search-
ing method for GME phase, has been used in this work.
Our results indicated that the phase stability limit of c-BN is
∼1000 GPa under hydrostatic pressure conditions, but in non-
hydrostatic pressure conditions, the phase stability limit of
c-BN is substantially lower than that under hydrostatic pres-
sure conditions and it also dramatically different from other
pressure modes.
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TABLE I. Optimized crystallographic data, bond length, mass density (D), energy band gap (Eg), and bulk modulus (B) of different boron nitride polytypes at
0 GPa.

Phase Space group Lattice parameters (Å) Coordinated D (g/cm3) B (GPa) Eg (eV) Reference

c-BN F-43M a = 3.590 4 3.564 380 4.49 This work
a = 3.589 4 387 32
a = 3.620 33
a = 3.625 3.593 4.4 27
a = 3.585 4.35 34
a = 3.615 Expt.28

6.1 35
w-BN P63MC a = 2.530, c = 4.186 4 3.552 384 5.031 This work

a = 2.550, c = 4.2 Expt.33

a = 2.555, c = 4.225 3.587 5.24 27
a = 2.538, c = 4.179 4 387 32
a = 2.525, c = 4.182 5 34

h-BN P63/MMC a = 2.490, c = 6.561 3 2.3405 22 4.11 This work
a = 2.494, c = 6.660 Expt.29

a = 2.489, c = 6.561 3 14.09 32
a = 2.491, c = 6.613 4.04 34

rs-BN FM-3M a = 3.482 6 3.903 398 2.11 This work
a = 3.493 9

sc16-BN PA-3 a = 4.509 4 3.598 335 4.08 This work
a = 4.51 3.594 345 4.08 36

p-BN PMN21 a = 2.525, b = 8.777, c = 4.248 4 3.502 374 5.55 This work
a = 2.525, b = 8.775, c = 4.247 3.503 403 5.51 12

II. COMPUTATIONAL METHODS

In this work, USPEX package was employed to search
for the GME phase for boron nitride compound under hy-
drostatic pressure range from 0 to 2000 GPa at pressure
step of 100 GPa, and a series of unit cell boxes with size
of 2, 4, 8, 16, and 20 atoms were used, respectively. It is
found that the searched GME phases of these different unit
cells are consistent with each other. After searching the GME
phase, lattice parameters, atom positions, and enthalpy of the
searched GME phase combined with the other boron nitride
polytypes both under hydrostatic and non-hydrostatic pres-
sure conditions have been calculated by using the first prin-
ciples method. In this calculation, density functional theory
(DFT) based on a plane wave pseudo-potential technique im-
plemented in the CASTEP package24 has been used, and
the interactions between the ions and valence electrons were
modeled by the ultra-soft pseudo-potentials (USPP).25 The
exchange and correlation interactions have been described in
the local density approximation (LDA-CAPZ).26 The kinetic
cutoff energy for plane waves was set as 770 eV. The k point
separation in Brillouin zone was 8 × 8 × 8 for c-BN, rs-BN,
and bc8-BN, 12 × 12 × 5 for h-BN, 11 × 7 × 9 for p-BN,
and 11 × 11 × 4 for w-BN, respectively. The total energy
was converged numerically to 5 × 10−7 eV/atom with re-
spect to electronic, ionic, and unit cell degrees of freedom.
The LDA method has been used in this work, given that it can
give a reasonable interlayer distances and mechanical proper-
ties of h-BN compared with the generalized gradient approxi-
mation (GGA).27 In addition, our benchmark calculations are
conducted for c-BN phase, the calculated lattice constant of
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FIG. 1. (a) Enthalpy of rs-BN, sc16-BN, w-BN, p-BN, and h-BN relative to
c-BN under hydrostatic pressure. (b) Total energy versus volume for c-BN,
rs-BN, sc16-BN, w-BN, p-BN, and h-BN, where the curves are fitted by using
Murnaghan’s equation of state.39
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3.592 Å agrees well with the experimental value of 3.615 Å;28

meanwhile, the lattice parameter c and bulk modulus B for
h-BN are 6.561 Å and 22 GPa, and they are in good agree-
ment with the experimental value of 6.660 Å29 and 37 GPa,30

respectively. These results confirm that our present computa-
tional scheme is reliable.

III. RESULTS AND DISCUSSION

By searching GME phase, two boron nitride polytypes
have been found: c-BN (at pressure below 1000 GPa) and rs-
BN (at pressure above 1000 GPa). Because c-BN is the ex-
perimentally stable phase of boron nitride at pressure above
∼15 GPa,6 it is earthy that c-BN was found in our search-
ing results, this confirms that the reliability of GME phase
searching method. For the rs-BN phase, found in our search-
ing results at pressure above 1000 GPa, we observe that the
rs-BN is a thermodynamically stable phase at pressure above
1000 GPa. This result also implies that the stability limit
of c-BN under hydrostatic pressure conditions may be
∼1000 GPa, and it agrees with Wentzcovitch, Christensen and
Hromadov’s results.9–11 For comparative study, the other four
BN polytypes (namely, w-BN, h-BN, p-BN, and sc16-BN)
combined with c-BN and rs-BN have been built by using crys-
tallographic data from Refs. 12 and 31. The calculated crys-
tallographic parameters and bulk modulus for the six boron
nitride polytypes are listed in Table I. As can be seen that
the obtained lattice parameters for the six BN polytypes agree

well with the experimental and previously reported theoret-
ical results.9, 27–29, 32–36 There is one type of bonds for both
c-BN and rs-BN, and the bond lengths of B-N are 1.556 Å
and 1.741 Å for c-BN and rs-BN, respectively. The calculated
bulk modulus of rs-BN is 398 GPa, and it is larger than c-
BN bulk modulus of 384 GPa. Although the bond length of
c-BN is shorter than that of rs-BN, the mass density of rs-BN
(3.903 g/cm3) is larger than that of c-BN (3.564 g/cm3), owing
to the fact that the coordinated number of rs-BN (6) is larger
than that of c-BN (4). Therefore, the bulk modulus of rs-BN
is larger than that of c-BN due to the increased mass density.
For the same reason, the bulk modulus of c-BN is larger than
bulk modulus of p-BN (374 GPa). Besides, the calculated en-
ergy band gap indicated all of these BN polytypes are wide
band gap semiconductor under ambient conditions.

To further analyze the thermodynamic stability of these
six boron nitride polytypes, the lattice parameters and atomic
positions of these boron nitride polytypes under pressure up
to 2000 GPa have been optimized, and the corresponding en-
thalpies of these optimized boron nitride polytypes have been
obtained. The enthalpies per atom for rs-BN, sc16-BN, h-BN,
p-BN, and w-BN as functions of pressure related to c-BN
are plotted in Figure 1(a). The results indicated that the c-
BN is the thermodynamically stable phase at pressure below
1000 GPa, and rs-BN becomes the thermodynamically sta-
ble phase at pressure above 1000 GPa. This result is con-
sistent with our searched GME phases and experimental re-
sult on phase stability of c-BN.2, 7, 8 The w-BN, h-BN, and
p-BN are still thermodynamically metastable phases respect
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to c-BN. Unlike the corresponding carbon polytypes,37, 38

sc16-BN is still a metastable phase with respect to c-BN or
rs-BN at the pressure ranges studied here. Correspondingly,
the curves of the total energy as a function of volume are
plotted in Figure 1(b). These curves have been fitted by us-
ing Murnaghan’s equation of state structure,39 which is con-
sistent with the enthalpies-pressure relationships as shown in
Figure 1(a).

The dynamically stability of these six boron nitride poly-
types has been studied by calculating their phonon band struc-
ture. This phonon band structure and density of states are plot-
ted in Figure 2 and Figure 1 of the supplementary material.40

As shown in Figure 2, rs-BN is not a dynamically stable phase
at pressure below 250 GPa. Therefore, although rs-BN is a
stable phase at pressure above 1000 GPa, it cannot retain sta-
bility at 0 GPa. Based on the calculated phonon band struc-
ture, c-BN is dynamically stable until the pressure is above of
2720 GPa.

To further explore the mechanical stability of c-BN under
hydrostatic pressures, the Born stability criteria and special
deformations have been considered in this work. For a cubic
lattice under the hydrostatic pressure of P, the Born stability
criteria can be expressed as formula (1):41

C11 + C12 + 2P > 0, C11 − C12 − P > 0, C44 − P/2 > 0,

(1)
where the Cij denotes the elastic constants. The calculated C44

− P/2 and C11 − C12 − P as a function of pressure for c-
BN are depicted in Figure 2 of the supplementary material.40

As is reflected that the C44 − P/2 increases with the increase
of pressure; while the C11 − C12 − P decreases with the in-
crease of pressure, and the C11 − C12 − P equals to zero
when the pressure reached at 1150 GPa. These results indi-
cated that the c-BN is tetragonal shear unstable when pres-
sure is above 1150 GPa. In addition, the mechanical stabil-
ity of cubic lattice can be estimated from the viewpoint of
special deformations, i.e., the cubic phase is considered me-
chanically stable when the total energy curves contain the
minimum value under the isotropic, tetragonal, and trigonal
deformations.42 Accordingly, the total energy curve for c-BN
as a function of isotropic, tetragonal, and trigonal deforma-
tions at 0 and 3000 GPa have been plotted in Figure 3 of the
supplementary material.40 The results indicated that c-BN is
mechanically stable at 0 and 3000 GPa; while it will become
mechanically unstable at higher pressures due to the fact that
the total energy curve under tetragonal deformation softens
with the increase of pressure, as is reflected in Figure 3(b) of
the supplementary material.40

As mentioned above, the stability limit of c-BN is differ-
ent from the viewpoints of dynamical and mechanical stabil-
ity criteria. Even so, all of these results indicated that c-BN
is unstable and will transform into other stable BN polytypes
under high hydrostatic pressure conditions.

Because the stability limit of c-BN under hydrostatic
pressure cannot be explained just by using the enthalpies-
pressure relationships. To better study stability limit of c-BN
under hydrostatic pressure and its atomic mechanism of phase
transformation between c-BN and rs-BN, the phase transition
paths between c-BN and rs-BN has been investigated at dif-

FIG. 3. The calculated phase transformation paths between c-BN and rs-BN
(a) and the phase transformation energy barrier between c-BN and rs-BN
under hydrostatic pressure (b).

ferent pressure values (250, 400, 1000, 1400, and 2000 GPa).
To build the phase transformation path, a series of intermedi-
ate structures have been built. These intermediate structures
are orthorhombic lattices, and their unit cells include four
atoms with fractional coordinates of B1 (0, 0, 0), B2 (0.5, 0.5,
0.5), N1 (0, 0.5, z), and N2 (0.5, 0, 0.5 + z), respectively.43

The z value ranging from 0.25 to 0.5 is regarded as an in-
termediate parameter. For z = 0.25, the structure is c-BN. For
z = 0.5, the structure is rs-BN. Each intermediate structure has
been fully relaxed at given pressures by fixing the fractional
coordinates of atoms, and finally the enthalpies have been ob-
tained. They are plotted in Figure 3. As shown in Figure 3,
with increasing pressure, the energy barrier from c-BN to rs-
BN decreases monotonously. When the pressure is 1000 GPa,
the energy barrier from c-BN to rs-BN is ∼0.4 eV/atom. It is
clear that in this case the phase transition from c-BN to rs-BN
cannot happen at room temperature, and more external en-
ergy is needed to overcome this high energy barrier. These re-
sults mean that the phase stability limit of c-BN is larger than
1000 GPa at room temperature. When the hydrostatic pres-
sure reaches 2000 GPa, the energy barrier from c-BN to rs-
BN is about 0.11 eV/atom. This result implies that when the
pressure is larger than 2000 GPa, the c-BN can transform into
rs-BN at room temperature. For the phase transition energy
barrier from rs-BN to c-BN, when hydrostatic pressure is less
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FIG. 4. The mean pressure dependent relative enthalpies of sc16-BN, h-BN, p-BN, and w-BN with respect to c-BN under non-hydrostatic pressure condition
at different λ: (a) λ = 0, (b) λ = 0.25, (c) λ = 0.5, and (d) λ = 0.75. The schematic diagrams of non-hydrostatic compressing model for h-BN (e), sc16-BN (f),
w-BN (g), c-BN (h), and p-BN (i), respectively.

than 250 GPa, energy barrier from rs-BN to c-BN is zero. This
result is consistent with the result on dynamically instabil-
ity of rs-BN at pressure below 250 GPa. Therefore, although
the c-BN can transform into rs-BN under high hydrostatic
pressure, the rs-BN cannot be preserved at pressure below
250 GPa. When hydrostatic pressure is larger than
250 GPa, the energy barrier from rs-BN to c-BN increases
monotonously. When hydrostatic pressure reaches 2000 GPa,
the energy barrier from rs-BN to c-BN is about 1.49 eV/atom.

To investigate the phase stability limit of c-BN under
non-hydrostatic pressure conditions, the enthalpies of c-BN
with the other four boron nitride polytypes (w-BN, sc16-BN,
p-BN, and h-BN) have been compared. In this work, the non-
hydrostatic pressure conditions are considered as σ xx = σ yy

= λσ zz, where σ xx, σ yy, σ zz are axial stress in x, y, z directions

respectively, and λ is a variable parameter. The mean stress is
calculated by σ m = (σ xx + σ yy + σ zz)/3 = (2λ + 1)σ zz/3. The
schematic diagrams for boron nitride polytypes under non-
hydrostatic pressure conditions are presented in Figures 4(e),
4(f), and 4(i). For w-BN and h-BN, σ zz is parallel to [0001]
direction of hexagonal lattice, but for c-BN, p-BN, and sc16-
BN, σ zz is parallel to [001] direction of cubic lattice. In this
work, four non-hydrostatic pressure conditions (with λ = 0,
0.25, 0.5 and 0.75) have been considered. The lattice param-
eters of these four boron nitrides have been optimized, and
the corresponding enthalpies have been calculated. The rela-
tionships between enthalpies of boron nitride polytypes and
σ m under different non-hydrostatic pressure conditions are
plotted in Figures 4(a)–4(d). The results indicated that the
critical value of σ m for thermodynamically stable phase to
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be converted from c-BN to w-BN is 16.67, 30, 66.67, and
208.33 GPa which correspond to λ = 0, 0.25, 0.5, and 0.75,
respectively. The critical value of σ m is below the safety limit
compressive strength of w-BN,44 and the critical value of σ m

increases with the increase of λ. Compared to the phase stabil-
ity limit of c-BN under hydrostatic pressures, the phase stabil-
ity limit of c-BN under non-hydrostatic pressures is substan-
tially lower.

The phase transformation path between c-BN and w-BN
has been investigated under different non-hydrostatic pressure
conditions. To build the phase transformation path, a series of
intermediate structures have been built. The space group of
these intermediate structures are fixed as PCA21, and four
atoms with fractional coordinates of B1 (−0.917 − 0.333ξ ,
0.125 − 0.125ξ , 0.9375 − 0.25ξ ), B2 (−0.417 − 0.083ξ ,
0.375 + 0.125ξ , 0.9375), N1 (−0.917 − 0.083ξ , 0.125
− 0.125ξ , 0.5625) and N2 (−0.417 − 0.333ξ , 0.375
+ 0.125ξ , 0.5625 0 .25ξ ) are added. The ξ value ranging from
0 to 1 is regarded as an intermediate parameter. For ξ = 0,
the structure is w-BN. For ξ = 1, the structure is c-BN. Each
intermediate structure has been fully relaxed at seven non-
hydrostatic pressures conditions (with λ = −0.25, 0, 0.25,
0.5, 0.75, 1.0, and 1.25) by fixing the fractional coordinates
of atoms, and the corresponding enthalpies have been calcu-
lated and they are plotted in Figure 4 of the supplementary
material.40 The phase transformation energy barrier from c-
BN to w-BN is ∼1.62 eV/atom at 0 GPa, and it increases with
the increase of mean pressure. Although c-BN becomes the
thermodynamically metastable phase with respect to w-BN
at mean pressure above critical value under non-hydrostatic
pressure condition, it cannot be transformed into w-BN at
room temperature, since an external energy is needed to over-
come a higher energy barrier.

IV. CONCLUSIONS

In summary, the phase stability limits of c-BN under
both hydrostatic and non-hydrostatic pressure conditions have
been investigated by the crystal structure search technique.
The results indicated that under hydrostatic pressure condi-
tion, the phase stability limit of c-BN is about 1000 GPa; and
c-BN will become a metastable phase with respect to rs-BN
when the pressure is higher than this critical pressure. Our
results also found that rs-BN is an unstable phase at pres-
sure below 250 GPa. Under non-hydrostatic pressure condi-
tion, the phase stability limit of c-BN is tightly related to the
compressing modes, and the corresponding critical phase sta-
bility transformation mean pressure from c-BN to w-BN is
16.67, 30, 66.67, and 208.33 GPa at λ = 0, 0.25, 0.5, and 0.75,
respectively.
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