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Low-temperature phase transformation from nanotube to sp’
superhard carbon phase*
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Numerous new carbon allotropes have been uncovered by compressing carbon nanotubes based on our computational
investigation. The volume compression calculations suggest that these new phases have a very high anti-compressibility
with a large bulk modulus (By). The predicted By of new phases is larger than that of c-BN (373 GPa) and smaller than that
of diamond (453 GPa). All of the predicted structures are superhard transparent materials with a larger band gap and possess
the covalent characteristics with sp>-hybridized electronic states. The simulated results will help us better understand the
structural phase transition of cold-compressed carbon nanotubes.
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1. Introduction

Carbon exhibits numerous allotropes [graphite, carbon
nanotubes (CNTs), fullerene, amorphous carbon, cubic and
hexagonal diamond] because of its ability to form sp-, sp>-,
and sp-hybridized bonds.['=3 As is well known, graphite can
be converted into the cubic or hexagonal diamond at pres-
sures above 15 GPa and high temperatures above 1300 K.[+-*!
In contrast, cold-compressions of single-walled and multi-
walled CNTs result in superhard carbon allotropes, which
were found to be intrinsically different from cubic and hexag-
onal diamond.!"%-!%! The unknown carbon phase compressed
at above 75 GPa can be quenched at room temperature,'% and
exhibits superior mechanical performance and higher hard-
ness comparable to cubic diomond. In order to shed light
on the puzzling structure, several hypothetical structures, such
as M-carbon,!'”18] Z_carbon,!'921] W-carbon,[??! bct-C4-
carbon, 3 P-carbon and S-carbon,**! have been proposed.
Nevertheless, the crystal structure of the cold-compressed
CNTs is still the subject of intense discussion in the literature
up to now. In addition to the crystal structure of the cold-
compressed CNTs, the collapse process itself is still not com-
pletely understood, as only indirect observation is reported. It
is shown that not only the diameter, [25-291 pyt also the nan-

30311 determine the radial collapse

otube chirality or defect!
pressure of CNTs.
In order to figure out the crystal structure of the cold-

compressed CNTs, we present a comprehensive study of the
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phase transition of CNTs under compression in a preessure
range from O to 400 GPa.
only cubic or hexagonal diamond, but also most of the hy-

Surprisingly, we find that not

pothetical structures [M-carbon, Z-carbon, W-carbon, bet-C4-
carbon] are obtained from the cold-compressed CNTs. In ad-
dition, numerous new carbon phases are observed. These new
phases are wide-gap transparent and superhard insulators. The
calculated results can help us understand the structural phase

transition of cold-compressed CNTs.

2. Method

The calculations are carried out based on density func-
tional theory within the local density approximation (LDA)
as implemented in the Vienna ab initio simulation package
(VASP).3234 The projector augmented wave (PAW) method
is used to describe the ionic potentials.*>! A plane-wave ba-
sis with a cutoff energy of 700 eV is used to expand the wave
functions of all systems considered in the present work. 3]
The Brillouin zone (BZ) sample meshes for all carbon al-
lotropes are set to be 11x11x11, which are dense enough in
our calculations. Forces on the ions are calculated by using the
Hellmann—Feynman theorem allowing for a full geometry op-
timization. For simplicity and to make the simulations generic,
the CNTs are orderly placed. The initial structure of the unit
cell is an orthorhombic cell (cell angles: o = = v = 90°),
which possesses four ordered CNTs. Each of them stays along
the axial direction (shown in Fig. 1). Four cases with different

*Project supported by the National Natural Science Foundation of China (Grant Nos. 11174242, 11204265, 11404278, 11147007, and 11274151), the Natural
Science Foundation of Jiangsu Province, China (Grant No. BK2012248), and the Scientific Research Foundation of Yancheng Institute of Technology, China

(Grant No. KJC2014024).

fCorresponding author. E-mail: nxu@ycit.cn
fCorresponding author. E-mail: wangbl @ycit.edu.cn
© 2015 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

066102-1


http://dx.doi.org/10.1088/1674-1056/24/6/066102
mailto:nxu@ycit.cn
mailto:wangbl@ycit.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B  Vol. 24, No. 6 (2015) 066102

ordered CNTs are used for our initial models, which are (18,
0), (7, 0), (4, 4), and (3, 3) CNTs, respectively. Therefore,
the initial cell contains one complete 64-atom (18, 0) carbon
nanotube as shown in Fig. 1(a). Before our cold-compress pro-
cedure, to eliminate the van de Waals (vdW) interaction effect
between the inter-walls of CNTs, we adjust the cell parameters
to ensure the inter-wall distance of CNTs within each initial
cell to be 5.0 A. As to the geometry optimization, all of the
cell lattice constants (a, b, and ¢) and angles (@, 8, and y) are
set to be variable for full geometry relaxations. Regarding the
topic of cold compress, we only focus on the pressure variable
at zero temperature (7 = 0 K) to illustrate the low-temperature
phase transformations.

According to the above structural built-up and calculation
preparations, we employ the full geometry optimization under
external pressure constrain, which is called hydrostatic pres-
sure. The whole computational investigation relating to the
full cell geometry optimizations starts from 0 GPa and ends at
400 GPa in steps of 5.0 GPa.

Note that in order to evaluate the transition pressure from
CNTs to the common product of high pressure, the exchange—
correlation functional is described by LDA. Although LDA is
a simple approximation of DFT, it can give reasonable inter-
layer distances and mechanical properties of CNTs due to a
delicate error cancellation between exchange and correlation
in comparison with the semi-local generalized gradient ap-
proximation (GGA).37!

Another important point that should be noted is that
in order to obtain the precise electronic structure of each
new phase, we take the screened exchange method (sX-
LDA) implemented in CASTEP code to calculate the elec-
tronic structures of the new structural models with sX-LDA

formalism. [38-3

! The Thomas—Fermi screening length (kTF)
of sX-LDA is determined by evaluating the dynamical aver-
age charge densities within our newly predicted structures. We
took this feature to accomplish the predictions of the electronic
structures of the newly determined structures. This is currently
unavailable in VASP but we still rely on VASP predicted ge-
ometry structures due to its perfect balance between efficiency
and accuracy. The phonon calculations are carried out by using

a supercell method as implemented in the PHONOPY code.

3. Results and discussion

Figure 1 shows the plots of the volume of unit cell versus
pressure and the CNT structures under different compressions.
We find that not only the hexagonal and cubic diamond but
also Z-carbon and P-carbon can be prepared by compressing
CNTs. In Fig. 1(a), two hops in volume are observed in the
pressure range of 0 to 400 GPa. They correspond to not only
the changes of volume but also the changes of shape of the (18,

0) CNT. The saltation of unit cell volume and deformation of
CNTs indicate the occurrence of phase transition, where there
appear three phases named phases I, II, and III, respectively.
Phase I exists in a pressure range of 0 to 4 GPa, in which the
(18, 0) CNT retains its tubular structure. The pressure-induced
structure transition takes place, where the circular cross sec-
tion of CNT changes into an oval one. Phase II appears at a
pressure of 5 GPa, in which the (18, 0) CNT collapses and
transforms into AB stacking graphite. Phase III appears when
pressure is increased up to 70 GPa, in which graphite trans-
forms into cubic-diamond. In Fig. 1(b), two hops in volume
are observed in the pressure range of 0 to 400 GPa. Similarly,
there are three carbon phases named phases I, II, and III, re-
spectively. At the pressure 50 GPa, the deformed nanotube (7,
0) is crushed and transforms into hexagonal diamond. Similar
phase transition paths are observed in Figs. 1(c) and 1(d). The
cold compressions of (4, 4) and (3, 3) CNTs result in Z-carbon
and P-carbon respectively.
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Fig. 1. (color online) Volumes of unit cell as a function of pressure.

Besides the known carbon phases mentioned above, nu-
merous new carbon phases are produced by compressing CNT.
In this work, we take two new phases as examples, which
are obtained by compressing CNT (9, 0) and (4, 0) as shown
in Fig. 2. These new phases with sp>-hybridized bonds are
marked by the parameter (m,n) of CNTs. The first new phase
named (9, 0)-carbon is obtained by compressing the (9, 0)
CNT when pressure is up to 45 GPa as shown in Fig. 2(a). This
structrue has P4 (Dgh) symmetry. The conventional unit cell
for (9, 0)-carbon phase has 36 atoms with cell parameters of
a=4.1538 A, b =11.2943 A, and ¢ = 4.3465 A at 0 GPa,
yielding a cell volume of Vy = 203.91 A3. The crystal struc-
ture of (9, 0)-carbon phase is similar to those of Z-carbon and
P-carbon containing four-, six-, and eight-membered rings, in
which four-membered and eight-membered rings join together
buckled graphite sheets. In Fig. 2(b), the second new phase
named (4, 0)-carbon is obtained by compressing (4, 0) CNTs
when pressure is up to 255 GPa.

066102-2



Chin. Phys. B  Vol. 24, No. 6 (2015) 066102

(a) Pmma(Dgh)

88686 83688 88686 88688
888488 88888 88888 88888
88686 83888 88686 836888

Pmmm(D%h)

Fig. 2. (color online) Two new phases (constructed from the (9, 0), and
(4, 0) CNTs under pressures above 45 GPa and 255 GPa, respectively)
under different decompression conditions. The (9, 0) carbon has an
antisymmetric structrue compared with the symmetric bct-Cy structrue
[Ref. [23]].

To evaluate the compressibility values of these new high
pressure phases, the normalized volume as a function of pres-
sure is displayed in Fig. 3. Meanwhile, anti-compressibility
curves of the known phases, such as cubic diamond and cubic
boron nitride (c-BN), are also provided in Fig. 3 for compari-
son. We find that the anti-compressibility values of these new
carbon phases are larger than that of ¢-BN and smaller than
that of cubic diamond.

The theoretical pressures as a function of the volume of
diamond, (9, 0)-carbon, (4, 0)-carbon, and ¢-BN are fitted to

the third-order Birch—-Murnaghan equation of state to obtain
the bulk modulus (By), as listed in Table 1. Strikingly, the
bulk moduli of the two new phases are larger than that of c-BN
(373 GPa) and smaller than that of diamond (453 GPa). Anim-
portant prerequisite for a superhard carbon material is a large
mass density in addition to the high degree of sp® hybridiza-
tion. For example, the density of (9, 0)-carbon is 3.53 g/cm?,
which is much higher than that of graphite (2.22 g/cm?) and
closer to that of diamond (3.63 g/cm?). All the above results
indicate that these new high pressure phases are superhard ma-

terial and some of them can be comparable to that of diamond.
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Fig. 3. (color online) Volume compressions as a function of pressure
(unit: GPa) for different new carbon phases compared with ¢-BN and
diamond.

Table 1. Space groups and values of lattice parameter (LP), density D (g/cm?), band gap Eg (eV), and bulk modulus By (GPa). Some
experimental data are also listed for comparison.
Systems Space group LP/A D/g-cm™3 Eq/eV By/GPa
(9, 0) phase Prma a=4.154, 3.53 4.81 441
b=11.294
c=4.347
(4, 0) phase Prmm a=5.843, 3.30 5.39 401
b=3.869
c=4.2717
Graphite Psy Jmme a=b=2446 222
c=6.527
¢-BN Fizm a=b=c=3.625A 3.45 3.491401 6.34 6.41401 373 3911401
387141
Diamond Fim a=b=c=3533A 3.64 3.63141 5.47 5501 453 446141 4521421

In Fig. 4(a), the electronic band structure of (9, 0)-carbon
is calculated. It is shown that the (9, 0)-carbon phase is a
wide gap insulator with energy gap E; = 4.81 eV (obtained by
sX-LDA), which is lower than those of c-BN (E, = 6.34 eV)
and diamond (E; = 5.47 eV). Furthermore, the band structure
of the (4, 0)-carbon phase is calculated and the band gap is
E; = 5.39 eV as shown in Table 1. These results show that
the (9, 0)-carbon and (4, 0)-carbon phases are transparent in-

sulators. In order to confirm the dynamic stabilities of (9, 0)-
carbon and (4, 0)-carbon phases, we calculate phonon spectra
by using the supercell method. In this work, we take the (9, 0)-
carbon phase for example as shown in Fig. 4(b). We find three
phonon dispersion curves around the I point and no imaginary
phonon frequencies in the whole brillouin zone. These results
indicate that the (9, 0)-carbon phase is dynamically stable at
ZEro pressure.
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Fig. 4. (color online) Properties of the (9, 0) carbon phase at zero pressure: (a) electronic band structure; (b) phonon dispersion curves.

4. Conclusions

Some new carbon phases are obtained by compressing

CNTs. Decompressing simulations demonstrate good stabil-

ities of these new phases at ambient pressure with high bulk

moduli compared with that of c-BN. The band structure cal-

culations indicate that these phases are wide band gap insu-

lators. From the results discussed above, we suggest that the

cold-compression of the random placed CNTs produces the

amorphous carbon first, and the amorphous structure of car-

bon further transforms into disordered sp3-hybridized carbon

under high pressure. The calculated results not only guide us

in preparing the superhard carbon phases, but can also help us

understand the structural phase transition of cold-compressed
CNTs.
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