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Superhard B,CO phases derived from carbon
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Two new orthorhombic B,CO structures (oP16- and oC16-B,CO) have been predicted theoretically by

manual construction. The calculations of independent elastic constants and phonon dispersion spectra
have confirmed the mechanical and dynamical stabilities of oP16- and oC16-B,CO at zero pressure.
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Their formation enthalpies are both negative and lower than several B,CxO (X = 1, 2, 3, 5) phases,

suggesting they are thermodynamically stable. Based on first-principles calculations, oP16- and oC16-
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1. Introduction

Since B-C-O system compounds have been synthesized with
compositions BgC;.100 .33 t0 B¢Cy.2500.31 (ref. 1 and 2) and B(C,
0)o.155 (ref. 3) experimentally, great attention has been attracted
towards designing superhard materials using B-C-O
compounds due to strong sp®> B-O/C covalent bonds.*” Li et al.
studied B,CO compounds, which are considered as the simplest
ternary B-C-O compounds and are isoelectronic with diamond,
and then proposed two new structures, tP4 (¢P4-B,CO) and tI16
(t116-B,CO), as superhard materials.* In Li's opinion, B,CO
tends to be stable in the form of tetragonal structures with
strong sp’ covalent B-C and B-O bonds. Inspired by Li's report,
B-C-O system compounds have attracted considerable atten-
tion in recent years. Zhang et al. studied B,CxO compounds and
predicted three superhard B,CxO (X = 2) phases: I4,/amd-
B,C,0, 14m2-B,C;0 and P4m2-B,C;0.® During their research,
a reasonable relation between the carbon content and
mechanical behavior of B,CxO was established and it was sug-
gested that elastic moduli and hardness will benefit from the
high carbon content. In 2016, Wang et al. explored the B-C-O
system in a pressure range of 0-50 GPa, and proposed a new
superhard phase, B,CO,, which is metastable under ambient
conditions, but thermodynamically stable at high pressures
above 23 GPa.® However all superhard B-C-O phases belong to
the tetragonal crystal system.*® Our previous work reveals that
there exist some other superhard B-C-O phases with non-
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B,CO are both superhard materials with indirect band gaps. With excellent hardness and tunable band
gaps, B,CO will attract extensive attention for industrial applications and scientific research.

tetragonal crystal system, as oP8-B,CO.” Actually, 2-dimen-
sional B-C-O materials have also been studied and proposed as
a promising 2-dimensional electronic device materials with
tunable band gaps and high carrier mobility.®

Carbon, which is widely used in industrial applications and
scientific research, has numerous allotropes with abundant
properties. Considering that B can combine O/C with strong
covalent bonds in solid matter as B-O compounds,®** and B-C
compounds.”™* Inspired by that ¢P4-, and ¢I116-B,CO are both
diamond-like structures,* oP8-B,CO is a lonsdaleite-like struc-
ture,” even the B,CxO (X = 2) phases are also diamond-like
structures and can be derived from different ¢{P4-B,CO super-
cells with partial B and O replacing by C.> Hence, we are curious
about that whether the fabricated B-C-O compounds with
replacement of partial C atoms by B and O atoms in carbon
allotropes are stable and what properties do they possess.

In this paper, we carried out the work with the simplest
ternary B-C-O compounds B,CO as a typical example. Numerous
new phases of B,CO have been constructed manually. Undergo
rigorous structural stability analysis including mechanical and
dynamical stabilities, two orthorhombic phases were discovered.
The formation enthalpies were calculated to demonstrate their
thermodynamic stabilities. Based on density function theory
(DFT), the mechanical and electronic properties of newly
discovered phases have been systematically studied.

2. Computational methods and
details

Although evolutionary simulation methods like CALYPSO'**®
and USPEX™' have been played a significant role in success-
fully predicting superhard materials*7*>* all potential crystal
structures studied here were constructed manually. Here we
conceived and constructed new structures following the steps
below: (a) extensively selected carbon allotropes with strong sp®

This journal is © The Royal Society of Chemistry 2017
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C-C covalent bonds; (b) if the original structure contained 4n (n
represents integer) atoms, skip step (b), otherwise constructed
supercell to make sure the supercell contains 4n atoms; (c)
broken symmetry and replaced a quarter of C atoms by O atoms,
and a half of C atoms by B atoms. C and O atoms are separated
by B atoms; (d) found and imposed symmetry.

The underlying geometry optimizations were performed in
CASTEP code* using DFT. The exchange-correlation functional
was adopted CA-PZ form of the local density approximation.>?®
The another typically functional PBE of generalized gradient
approximation was performed.” To compare two different algo-
rithms, the calculated results were listed in the ESL{ To ensure
the convergence accuracy less than 1 meV, the norm conserving
pseudopotential was adopted at a plane wave cutoff kinetic
energy of 960 eV and Monkhorst-Pack K points were generated by
utilizing 27t x 0.04 A~' as K-points separation.”® During the
geometry optimizations via BFGS method,” iterations were
continued until energy change per atom was less than 5 X
107° eV; force tensor on atoms was reduced to 0.01 eV A%
displacement on atom didn't exceed 5 x 10~* A and stress no
more than 0.02 GPa. The phonon calculation was implemented in
CASTEP vig the linear response method***" and the elastic
constants were calculated by employing the efficient stress-strain
method with 9 distorted structures generated for each strain
pattern and maximum distortion 0.003. The conventional cells
were adopted within the entire research, and the symmetry points
for the Brillouin zone are G (0, 0, 0); Z (0, 0, 0.5); T(—0.5, 0, 0.5); Y
(—0.5, 0, 0); S (0.5, 0.5, 0); X (0, 0.5, 0); and R (—0.5, 0.5, 0.5).

3. Results and discussion

Two newly discovered B,CO structures have been proposed and
their crystal structures schematic at zero pressure are shown in
Fig. 1. Both of them are orthorhombic system and have 16
atoms per conventional cell. The first, denoted as 0P16-B,CO, is
a primitive centered structure with space group Pbam, and
another, denoted as 0C16-B,CO, is a C-centered (0.5, 0.5, 0)
structure with space group Cmmm. All coordination numbers of
the atoms in 0P16 and 0C16 phases are 4, and there are only sp*
hybridization B-C/O covalent bonds in oP16-, and 0C16-B,CO.

As depicted in Fig. 1a, oP16-B,CO has a crystal structure
similar to Cco-C8 (when B and O are replaced by C, 0P16-B,CO
change its symmetry to Cmmm and form Cco-C8),*> and the
structure is symmetric about the plane ¢ = 0.5. Different with
Cco-C8, 0P16-B,CO has no bonds rigid parallel to ¢ axis. 0C16-
B,CO, displayed in Fig. 1b, has more higher symmetry than
0P16-B,CO. The structure is symmetric about (0.5, 0.5, 0.5), and
constructed from Bcet-C4.** In the ab plane, 0C16-B,CO can be
viewed as the structural units (Fig. 1b, remarked by red line)
connected by B-C bonds with 1.596 A. Also, all the structural
units can be viewed as the middle one slipping alone the
directions marked by black lines at a given distance 4.443 A.
Once B and O atoms in the structural units are replaced by C
atoms, Bct-C4 appeared. In Bet-C4, four neighbour C atoms in
the plane ¢ = 0/0.5 formed a square. However, in 0C16-B,CO,
the neighbour 2B and 20 atoms in the plane ¢ = 0.5 formed
a rhombus with length 1.631 A and angles (87.17°, 92.83°); the
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Fig.1 Structure graphs for (a) oP16-, and (b) 0oC16-B,CO. The sticks in
colour dark yellow and light orange represent the bonds B-O and B—
C, respectively.

neighbour 2B and 2C atoms in the plane ¢ = 0 formed
a thombus with length 1.596 A and angles (78.612°, 101.388°).
More detailed information for the optimized structures at zero
pressure is exhibited in Table 1.

The structural stabilities of oP16-, and 0C16-B,CO are
checked by calculating the independent elastic constants Cys
and the phonon dispersion spectra, as presented in Table 2 and
Fig. 2, respectively. For an orthorhombic structure, Born criteria
are listed in eqn (1).**

Ci>0;(i=1,4,5,6); C11Cr > 1% C11CC33 + 2C15Ci3Co3 —
Ci11Co3” — CCi3> — C33Cry” > 0; (1)

There is no doubt that from Table 2 the Cys satisfy the
criteria above, indicating oP16-, and 0C16-B,CO are mechanical
stable. And no negative frequency was found, which indicates
the dynamical stability of these two new B,CO structures.

For further experimental synthesis, there is necessity to
explore the thermodynamic stability of oP16-, and 0C16-B,CO.
Fig. 3 summarizes the formation enthalpies normalized on
a per-atom basis of known B,CxO (X = 1, 2, 3, 5) compounds.
The formation enthalpy (AHy), which with respect to the sepa-
rate phases, is quantified by eqn (2):

AH; = Hy,c.o— 2Hy — xHc — %HOZ; (2)
where diamond C, -B* and a-O, (ref. 36) are selected as the
separate phases. For oP16-, and 0C16-B,CO, both have signifi-
cant negative enthalpies, demonstrating that they are difficult
to dissociate into elemental o-B, o-O,, and diamond C at zero
pressure. Compared to oP8-B,CO, formation enthalpy of oP16-
B,CO has 14 meV (AHy) per atom advantage at zero pressure.
Even oP16-B,CO has nearly identical formation enthalpy with
tP4-B,CO, only 3 meV disparity per atom. Although 0C16-B,CO
has the highest enthalpy among all five B,CO structures, its
formation enthalpy is only 68 meV per atom higher than that of

RSC Adv., 2017, 7, 52192-52199 | 52193
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Table 1 Space groups (S.G)), lattice parameters a, b, ¢ (A), p (g cm™3) and Atomic Wyckoff Positions (A.W.P) for oP16-, and oC16-B,CO

S.G. a b c p AW.P.
oP16 Pbam 8.847 4.364 2.603 3.280 B1 4h(0.824, 0.181, 0.5); B2 4g(0.911,
0.694, 0); C 4h(0.342, 0.680, 0.5); O
4¢(0.409, 0.177, 0)
oC16 Cmmm 6.142 6.421 2.601 3.214 B1 4j(0, 0.816, 0.5); B2 4g(0.165, 0.5, 0); C
4i(0, 0.692, 0); O 4h(0.317, 0.5, 0.5)
Table 2 Independent elastic constants Cj, and mechanical property parameters as B, G, E, and u of oP16-, and 0C16-B,CO. Cj, B, G, and E are

expressed in GPa, and u is dimensionless unit

Cll CZZ CSS C44 CSS CGG ClZ Cls C'23 B G E M
0P16 664.6 760.3 757.0 236.0 269.0 244.5 112.7 98.2 72.7 305.2 273.9 632.6 0.155
0C16 542.4 619.1 778.1 266.7 214.6 218.5 169.1 61.2 129.9 293.3 241.5 568.4 0.177

0P8-B,CO, and far lower than that of B,CxO (x = 2, 3, 5) phases
(228 meV: I4,/amd-B,C,0; 339 meV: 14m2-B,C;0; and 497 meV:
PAm2-B,C;0). Hence, oP16-, and 0C16-B,CO may exist as
metastable phases. Both formation enthalpy of 0P16-, and 0C16-
B,CO decrease with the pressure increase, which indicate these
two new B,CO may be acquired through the synthesis path with
loading pressure.

The third-order Birth-Murnaghan equation of state (EOS) for
the pressure (P)-volume (V) relation of 0P16-, and 0C16-B,CO is
adopted to fit the 17 pair P-V data for these two new B,CO
compounds, as presented in Fig. 4.

The equilibrium volume (V;), bulk modulus (B,) and its first
order pressure derivative (B',) are obtained from eqn (4) and
displayed in insert table in Fig. 4.

When loading with hydrostatic pressure to 80 GPa, both
oP16-, and 0C16-B,CO sustain the volume shrinkage without
mutation and share the similar shrinkage rates, 17.15% for
0P16-B,CO and 17.60% for 0C16-B,CO.

The mechanical property parameters including bulk
modulus B, shear modulus G, Young modulus E, and Poisson
ratio u of oP16-, and 0C16-B,CO are listed in Table 2. Band G
can be acquired by independent elastic parameter, then E and
u can be obtained by B and G.*” Generally speaking, B repre-

_1 _5
P(V) = EBO (K) 5 (K) 3 1+§(B'0 _4) sents the ability to resist volume deformation by loading
2 Vo Vo 4 pressure, G characterizes the ability to resist deformation
Vv -2 upon shear stress.*® Both oP16-, and 0C16-B,CO have very
X (7> - 1]} (3) large B (~300 GPa) and G (above 240 GPa), indicating the
0 excellent resistance to volume deformation by pressure stress
and shear stress.
404 /\
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(a) 0P16-B2CO

Fig. 2
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(b) 0C16-B2CO

Phonon dispersion spectra (left panel) and phonon density of states (right panel) of (a) oP16-, and (b) 0C16-B,CO at zero pressure.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Calculated formation enthalpies of B,CxO phases with different C contents as x/(1 + x) at zero pressure (a) and formation enthalpies of (b)

oP16-, and (c) oC16-B,CO as a function of pressure.
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Fig. 4 Volume-pressure relationships for oP16-, and oC16-B,CO.
The geometric patterns and solid lines represent the calculated data
and fitting results, respectively.
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Elastic anisotropy can give a prediction of the arrangement
of the atoms in each direction, the bonding properties, and
some chemical characteristics in different directions of mate-
rials. An illustrative way of the elastic anisotropy is described by
a three-dimensional surface map representation. The curved
surface map shows the variation of elastic modulus with crys-
tallographic direction. For orthorhombic crystal, the directional
dependence of the Young's modulus is given by eqn (4)*

E ' =181 + 202071 + 21713815 + 1S + 21712805 + 15155
+ LS4y + 1°12Sss + 1217 See; (4)

where [;, [, and [; are the direction cosines. S; represents the
elastic compliance constants, the inverse of Cj.

Actually, Young's modulus of the three main axis direction
satisfy the following relations: Ej00)=1/S11, E[o10]=1/S22,
E[0011=1/S53. For 0P16-B,CO, the b and ¢ axes have the almost
consistent Young's modulus (736 GPa and 738 GPa, respec-
tively), which higher that of a axis with 100 GPa. For 0C16-B,CO,
Young's modulus for three main axes a, b, and ¢ are 495 GPa,
550 GPa and 750 GPa, the gradually increasing values also
illustrated the obvious anisotropy.

Fig. 5 Directional dependence of the Young's modulus for (a) oP16-, and (b) oC16-B,CO.

This journal is © The Royal Society of Chemistry 2017
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Table 3 Calculated volume V for unit cell (A%), bond parameter as
bond-type p, bond length d* (A), bond number n* and Hy, (GPa) for
oP16-, and 0C16-B,CO at zero pressure

|4 n a nt Ne o f HY Hy

oP16 100.504 B-C() 1.541 8 0.612 0.323 58.268 47.817
B-C(n) 1.582 4 0.565 0.181 61.233
B-C(m) 1.588 4 0.559 0.110 65.585
B-O() 1.596 4 0.709 0.785 33.951
B-O(n) 1.621 4 0.676 0.831 29.956
B-O(m) 1.623 8 0.673 0.495 44.397

0oC16 102.560 B-C() 1.524 8 0.619 0.333 59.685 46.222
B-C(n) 1.596 8 0.539 0.181 58.071
B-O() 1.602 8 0.685 0.521 45.061
B-O(m) 1.631 8 0.649 0.816 29.226
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Fig. 6 Calculated tensile stress—strain relations. (a) oP16-, and (b)
0C16-B,CO.

For an isotropic crystal, the 3D curved surface would exhibit
a spherical shape. The deviation degree from the spherical
surface indicates the extent of anisotropy (Fig. 5).

As material' fundamental mechanical property, hardness is
extensively used and can be theoretically predicted. Here, we

Energy (eV)

View Article Online

Paper

calculated the Vickers hardness (Hy) of 0P16-, and 0C16-B,CO
by adopting bond resistance model.*>**

Hy = 350N, 3¢ 119Vig 25 5)
N, is the electron density; f; is Phillips iconicity of B-C/O bonds,
which can be calculated from eqn (6). d is the bond length. Here
we chose 0.75 as P, value.

fi=11 = exp(~|P. — PIP)"" (6)

The calculated hardness of 0P16-, and 0C16-B,CO displayed
in Table 3 are both beyond 40 GPa, indicating that the two newly
explored B,CO are superhard materials. The B-C-O system
compounds may have potential industrial applications as
superhard materials.

A popular approach®** to understand the structural defor-
mation and strength has been extensively applied to solid
material under specified strains.*® It is the material's ideal
strength which is defined as the stress at which a perfect crystal
changes mechanically unstable, that sets an upper limit for
material strength. The atomistic mechanism for structural
deformation and failure models can be thorough under-
standing with the studies of strain-stress relations and bond-
breaking processes.

Fig. 6 presents the calculated strain-stress relations for oP16-,
and 0C16-B,CO under tensile strains in three principal
symmetry crystallographic directions ([100], [010], and [001]). It
can be seen that both oP16-, and 0C16-B,CO have large stresses
with strain exist in the [001] than [010] and [100] directions.
Along the [001] direction, 0P16-B,CO has a peak tensile stresses
69.1 GPa with a strain of 0.225, and 77.6 GPa with strain 0.275
for 0C16-B,CO. The tensile strengths of 0C16-B,CO along the
[100] and [010] both reach a peak tensile stresses at strain 0.15
with 54.5 GPa and 52.1 GPa, respectively. oP16-B,CO has a peak
tensile stress 20.1 GPa with a strain of 0.045. As for the [010]
direction of 0P16-B,CO, there are two observable peak 21.3 GPa,
corresponding these bonds along b axis as B-O bonds breaking

S
1

Energy (eV)

(=)

Z T Y S X
(a) oP16-B2CO

G Z T
(b) 0C16-B2CO

Y S X U R

Fig.7 Calculated electronic band structures for oP16-, and oC16-B,CO at zero pressure. The Fermi level is represented by a horizontal red line.
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Fig. 8 Calculated band gaps as a function of pressure for oP16-, and
0C16-B,CO.

with a strain of 0.04 and B-C bonds breaking with a strain of
0.27 respectively. The calculated strain-stress relations reveal
anisotropy of oP16-, and 0C16-B,CO.

The band structures of these superhard B,CO phases along
the symmetry points for the Brillouin zone at zero pressure are
calculated and shown in Fig. 7. Both oP16-, and 0C16-B,CO are
semiconductors with indirect band gaps. For oP16-B,CO, the
valence band (VB) maximum and conduction band (CB)
minimum are located at G point and U point, respectively, and
they are separated by a forbidden band of 3.159 eV. For 0C16-
B,CO, the VB maximum and CB minimum are located at G
point and Z point, respectively, and separated by a forbidden
band of 3.412 eV. For oP16-, and 0C16-B,CO, the calculated

View Article Online

RSC Advances

band gaps are 3.159 eV and 3.412 eV, respectively. With the
different crystal systems and their atomic stack, these super-
hard B,CO (tP4-, tI16-, and 0P8-B,CO within) with the tuneable
band gaps from 1.7 eV to 3.5 eV may have potential application
in semiconductor industry in future (Fig. 7).

The values of band gaps as a function of pressure in ranges
of 0-80 GPa are calculated and plotted in Fig. 8. The band gap of
oP16-, and 0C16-B,CO increases with pressure simultaneously
within the whole studied pressure range. For 0C16-B,CO, the
gap's increase degree is 0.409 €V/11.99%, higher than that of
0P16-B,CO (0.213 €V/6.74%).

With the pressure increasing, bonding states and anti-
bonding states appear gradually emerges, result in the energy of
VB decline and the energy of CB increase, the VB expand to the
lower energy region and CB to the higher energy region, the gap
increases. The influence on electronic band can be analyzed
based on partial specific band morphology under different
pressures. Thus the bands with the minimum CB and
maximum VB at 0 GPa are selected, and their morphology under
different pressure are studied, as Fig. 9. We denoted the
difference between maximum and minimum of the selected CB
as AC, and of VB as AV.

For oP16-B,CO with pressure in 0-80 GPa, the minimum
energy of CB increase, lead to the gap increases uninterruptedly.
The AV and AC both increase with pressure, indicates the
energy range of the selected bands are broaden. It's not just an
exception, thus as a whole, the energy range of VB and CB are
both broader. The energy of VB is lower, while for CB is higher.
The pressure's influence can also be detected based on entire
density of states (DOS). As displayed in Fig. 10a, for oP16-B,CO,

o |l [a2]

S
2] acaass AC:2.790 AC:3.100
81 Av:2.075 gl av23so §| | av:2.60s g
Q . .
5 0 gap:3.159 y| £ap:3.303 y| gap:3.372

>

4 2 -

24
0GPa 40 GPa 80 GPa

S

(]
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024 o = g
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Fig. 9 The maximum value band and minimum conduction band for (a) oP16-, and (b) 0C16-B,CO at different pressures. The Fermi level is

represented by a horizontal black line.
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Fig. 10 DOS for (a) oP16-, and (b) oC16-B,CO at different pressures.

during the pressure increasing, the energy category of VB (CB)
continuously enlarge to the low (high) energy region; the posi-
tion of the highest peak of VB (CB) has been moved to lower
(higher) energy region and the peak height has been reduced.

As for 0C16-B,CO, the AC increases with pressure, indi-
cates the energy range of the selected bands are broaden,
while the AV undergoes a process with increase-decrease. As
displayed in Fig. 10b, for 0C16-B,CO, the energy category of
VB (CB) continuously enlarge to the low (high) energy
region; the position of the highest peak of VB (CB) has been
moved to lower (higher) energy region and the peak height
has been reduced.

4. Conclusions

By manual building B,CO phases from widely known allotropes
of carbon, we proposed two new B,CO (0P16-, and 0C16-B,CO),
derived from Cco-C8 and Bct-C4, respectively. Based on the first-
principles study, the elastic constants and phonon dispersion
spectra declare that oP16-, and 0C16-B,CO are mechanically and
dynamically stable. Their formation enthalpies, respected to the
separate phases, are both negative and lower than that of B,CxO
(X =1, 2, 3, 5), suggesting thermodynamically stable. oP16-
B,CO even has the formation enthalpy which is closed with tP4-
B,CO and lower than oP8-B,CO. Based on bond resistance
model for hardness prediction, oP16-, and 0C16-B,CO are both
superhard with high hardness values of 47.817 GPa and
46.222 GPa, respectively. Electronic property calculation illus-
trates that the two newly discovered phases are all semi-
conductors with indirect band gaps of 3.159 eV and 3.412 eV,
respectively. The band gap value as a function of pressure in
ranges of 0-100 GPa indicate that pressure has an obvious
influence on the band gaps of oP16-, and 0C16-B,CO. The
excellent mechanical and electronic properties indicate the

52198 | RSC Adv., 2017, 7, 52192-52199

attractive prospect for B-C-O compounds in industrial appli-
cation and scientific research.
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