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arbon is a unique element that is

known to exist in several allotropic

forms such as diamond, graphite,
amorphous carbon, fullerenes,' lonsdaleite,?
and nanotubes® formed normally and un-
der extreme conditions of temperature and
pressure. These allotropic forms show a va-
riety of interesting properties. The availabil-
ity of a broad range of electronic properties
makes SWCNTs* versatile and exceptional
nanostructures unparalleled by any other
material for nanoelectronic devices applica-
tions.> SWCNTSs show extraordinary strength
along the axial direction with a commonly
accepted axial Young’s modulus value of
~1 TPa.5” Radial and axial®~"" deformations
of SWCNTs has attracted much attention as
itis possible to influence their structural and
electronic properties. The deformation of
large diameter SWCNTSs under pressure to
interacting elliptic-, racetrack-, and peanut-
shaped cross sections have been reported
both experimentally'>'* and
theoretically.”*' The structural changes of
large diameter nanotubes have also been
observed indirectly using Raman spectros-
copy and directly using x-ray'® and neu-
tron'’ diffraction experiments. The applica-
tion of pressure on single-walled carbon
nanotubes has brought to light a number
of interesting properties'® such as
metal—insulator transitions.'® The study of
SWCNTs under pressure has also gained
momentum recently because of the search
for novel forms of carbon other than dia-
mond, graphite, and carbon nanotubes
consisting of a mixture of sp? and sp? hy-
bridized carbon. These novel forms of car-
bon are thought to consist of both sp? and
sp> hybrid states of carbon. Earlier studies
have shown that only small diameter zig-
zag SWCNT bundles form interlinked struc-
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ABSTRACT A novel quasi-two-dimensional phase of carbon and the formation of a metastable hexagonal

phase of single-walled carbon nanotubes (SWCNTSs) have been investigated using density functional theory (DFT)

by subjecting the SWCNT bundles to hydrostatic pressure. The chirality of the nanotubes determines the breaking

of symmetry of the nanotubes under compression. Interestingly SWCNTs are found to undergo a mixture of sp?

and sp hybridization and are found to form novel interacting quasi-two-dimensional sheets of interlinked SWCNTSs

under hydrostatic pressure. Symmetry breaking, leading to the formation of highly directional bonds at stressed

edges, is found to play an important role in the interlinking of the nanotubes. (3n + 3, 3n + 3) SWCNTs are found

to acquire a hexagonal cross-section when subjected to hydrostatic pressures. The opening of a pseudogap is

observed for small as well as large diameter armchair SWCNTs in nanotube bundles. Equilibrium separations

calculated using the Leonard-Jones potentials indicate excellent agreement with the predictions of density

functional calculations and experimental observations.
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tures when subjected to high hydrostatic
pressure.?’ However, the modification in
their electronic properties is still unknown.
Compressed nanotubes are expected to ex-
hibit different o*—x* hybridization. It
would therefore be interesting to explore
the possibilities of formation of novel forms
of carbon at high pressures.

In this article we report the formation of
novel interacting quasi-two-dimensional
sheets of interlinked carbon nanotubes us-
ing ground state DFT. We find that this phe-
nomenon occurs in both zigzag and arm-
chair SWCNTSs for small and large diameter
nanotubes at high pressures. We also find
that nanotubes with chiral indices (3n + 3,
3n + 3) forms a metastable hexagonal
phase under pressure. The formation of
hexagonal cross sections at low pressure
and novel interlinked structures are insensi-
tive to the form of exchange correlation or
the form of the potentials used. The open-
ing of a pseudoband gap for armchair nan-
otubes is observed in excellent agreement
with earlier tight binding,?' ab initio methods
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Figure 1. Interaction potential V|, (eV) per unit length as a
function of the intertube separation d for different armchair
nanotubes. The potential well becomes shallower for smaller
diameter SWCNTSs. The curve labels represent the chirality
of the nanotube; that is, 1010 would mean armchair (10,10)
SWCNT.

using local density approximation (LDA),?*?* and experi-
mental observations.?* The effect of bundling on elec-
tronic band structure is also observed for zigzag nano-
tubes. Interacting SWCNTSs were also studied using the
Leonard-Jones (LJ) potential. It is observed that the
findings of the DFT studies are in excellent agreement
with the empirical model using the LJ potential contain-
ing the van der Waals (vdW) interactions, and these sug-
gest that the DFT calculations work well for nanotube
bundles under ambient and compressed conditions.

RESULTS AND DISCUSSION

Nanotubes packed in a triangular close-packed lat-
tice with an intertube spacing of 3.3 A which is typical
of van der Waals interactions (vdW)? were considered.
The calculated equilibrium intertube separation (d) at
ca. 16.76 A obtained using DFT is in close agreement to
the experimentally?® observed value of 16.95 (0.34) A
for the (10,10) nanotube. The value obtained using the
LJ potential was found to be 16.70 A. The interaction
potential calculated as a function of distance d for dif-
ferent nanotubes using the LJ potential is shown in Fig-
ure 1. It is observed that the potential well becomes
shallower with decreasing diameter of the nanotube.
The equilibrium separation of ~3.15 A between the
tubes calculated using the LJ potential is in very good
agreement with our DFT calculations. A comparative
study of the DFT and LJ potential for graphitic systems
has shown that both approaches agree very well at dis-
tances lower than the equilibrium separation.?” The LJ
potential describing the vdW interactions contains the
London’s (attractive) interactions that occur at large
separations compared to the atomic radii. The delocal-
ization energy has a shorter range than the exchange
correlation energy. At large separations the exchange
correlation is just the attractive term. At small separa-
tions the charge distribution overlaps producing a re-
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gion of repulsion. The DFT underestimates these only
at the large separation,? but does well for the repulsive
part of the potential. Thus the DFT can be expected to
correctly predict the response of SWCNTs under hydro-
static pressure.

We have studied the effect of increasing hydro-
static pressure using DFT on a large number of arm-
chair and zigzag SWCNTs. We observe that the chirality
of nanotubes determines the breaking of symmetry of
the nanotubes under compression. This dictates the re-
sponse of the SWCNTSs to hydrostatic pressure. Our cal-
culations show that (3n + 3, 3n + 3) nanotubes deform
under hydrostatic pressure such that the cross sections
of these nanotubes gradually change from circular to
hexagonal without any abrupt transformation as seen
in Figure 2a for (6, 6) and (9, 9) SWCNTSs. Interestingly
the formation of hexagonal cross sections have been
observed experimentally?® for larger nanotubes of ~17
A diameter during synthesis. The interaction between
the walls of the nanotubes containing symmetrically
placed atoms is expected to be the driving force
prompting elastic deformation of nanotubes from a cir-
cular to hexagonal cross-section. The transition pres-
sure from a circular to fully hexagonal cross-section is
found to increase with decreasing tube radius as seen
in Figure 2c—e due to increasing stiffness of the nano-
tubes. This hexagonal phase is a reversible phase and is
expected to convert to peanut/racetrack-like cross sec-
tions at higher pressures. The formation of a hexagonal
phase is also observed on changing the form of ex-
change correlation and the form of the potential as
shown in the Supporting Information.

With further increase in pressure, formation of novel
interlinked structures consisting of a mixture of sp? and
sp> hybridized carbon atoms is observed for large (12,
12) SWCNTs as an abrupt change in the total energy
and volume normalized with respect to total energy (Eo)
and volume (V) under ambient conditions as shown in
Figure 2a. The interlinked structure formed is shown in
Figure 2b. The formation of an interlinked structure
was verified by using USPP and PAW within the local
density approximation. A comparative study has been
shown in the Supporting Information.

Abrupt changes in energy and volume associated
with changes in pressure are also observed for smaller
(7, 0) and (5, 5) SWCNTSs as seen in Figure 3a. Here also
the formation of novel interacting quasi-two-
dimensional structures accompanied by abrupt
changes in energy—pressure and volume—pressure
diagrams suggests a first order phase transition, clearly
indicating formation of a new structural phase. At the
onset of structural transitions the tubes form chemical
bonds with each other. The atoms at highly stressed
edges of the nanotubes link tetrahedrally by forming
bonds with similarly stressed atoms in neighboring nan-
otubes. The stability of the novel interacting quasi two-
dimensional structures was verified by releasing the
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Figure 2. (a) Change in relative total energy and relative volume under hydrostatic pressure for (6, 6), (9, 9), and (12, 12)
nanotubes; (b) interacting quasi-two-dimensional sheet of interlinked (12, 12) SWCNT at 8 GPa. Isosurface has been plotted
at ELF value of 0.7. Hexagonal cross sections for (c) (12, 12), (d) (9, 9), and (e) (6, 6) SWCNTs under different hydrostatic
pressures.

pressure. It is observed that when the pressure re- 3b. These nanotubes get flattened gradually with in-
turned to ambient pressure, the interlinked structure is  creasing pressure. The tubes exhibit shearing resulting
maintained. These observations are supported by re-

cent experimental observations of a quenchable super- (a) 1.00

hard carbon phase obtained by cold compression.?° -0.884 n/-o o

The peak in D band of Raman spectra in graphene indi- 0.904 /o/ '

cates the presence of aromatic rings. The Raman spec- <~ foso

tra of an experimentally reported quenchable super- —= -0-921 -0.85

hard carbon phase have two broad peaks centered at % .0.94 2

1581 and 1355 cm ™" with the peak intensity of 1355 - 080 =

cm™" (D band) which is much higher than that at 1581 0961 o -0.75

cm~ ' (G band). Studies on amorphous tetrahedral car- -0.98 4 B

bon ﬁfms havi shown that the rgtio of the intensity of O SWNT(7,0) b "
1.004 O SWNT (5, 5) 1 0.65

the peak in D band to that in the G band indicates the . . . ;

presence of sp?/sp* bonding.' This suggests that the ra- 0 4 8 12 16 20

. 3 L . Pressure (GPa)

tio of sp*/sp? bonding is very small. The quasi-two- ()28

dimensional sheets of interlinked nanotubes obtained [ 1.00

in our calculations are found to have sp® bonding only -0.904 7

at stressed edges. These observations strongly support L0.95

the formation of quasi-two-dimensional sheets of inter- -0.92

linked nanotubes as we have explicitly observed in = . 0.90

these calculations. These calculations have shown that = 094 . g

the separation between the flattened parts of the com- 0964 Q:\ 088

pressed nanotubes is ~3.3 A as observed in graphite. \:\o\ L 0.80

However, XRD and TEM measurements have shown the -0.98 B SWNT (8, 0)\'\:

lattice constant of this superhard carbon phase formed ® SWNT (4, 4) -0.75

by compression at ~100 GPa is 2.1 A. We expect that -1.00 ; T T T py p "

under extremely high hydrostatic pressures the repul- Pressure (GPa)

sion is overcome and the separation between the walls  Figure 3. Change of relative total energy (E/E0) and relative

of the nanotube decrease to smaller distances. No volume (V/V0) under hydrostatic pressure of (a) (7, 0) zigzag

: _and (5, 5) armchair SWCNT. Interlinked structures are formed
abrupt changes in energy were observed on compress at 10 and 18 GPa for (7, 0) and (5, 5) nanotubes respectively.

ing other small diameter nanotubes as seen in Figure (b) (8, 0) zigzag and (4, 4) armchair SWCNT.
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in a reduction on both rotational and reflection symme-
try with respect to the z axis.

Changes in electronic properties are expected to
occur with changes in the atomic structure. The
w—* hybridization effect is understood to be a
small contributing factor in changing the already ex-
isting band gap.® To understand the modification of
the electronic properties we analyze the electronic
band structure along with the partial density of
states (PDOS). Abrupt phase transition is observed
at a critical pressure P. of about 10 GPa for the (7, 0)
nanotube. We did a detailed investigation of the
electronic properties at 6 and 10 GPa for this sys-
tem. It is observed that at 6 GPa the distance be-
tween the adjacent atoms at the highly curved
edges is about 2.76 A; hence, any possibility of bond
formation at this stage can be safely ruled out. The
electron localization function3? (ELF) provides a
“chemically intuitive” way to analyze the electron lo-
calization and has values between 0 and 1. A high
value implies that there is a high probability of find-
ing two electrons of opposite spins in a given re-
gion of space along with a small probability of ex-
change with other electrons outside the region. The
ELF was calculated for both armchair and zigzag car-
bon nanotubes using the formulation of Silvi and
Savin.?® The plot of electron localization function in
Figure 4a shows that the tubes are not bonded to
the neighbors under these conditions. Electronic
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Figure 4. (a) Electron localization function (ELF) for (7, 0) nanotube at 6 GPa. The nanotubes are not bonded to each other;
however, interaction cannot be ruled out at a separation of about 2.74 A. The electronic band structure inset shows a small
bandgap at the Fermi level. (b) ELF shows the interlinking of the tubes due to bond formation at 10 GPa along with the cross-
ing of the conduction and the valence band at the Fermi level in the inset. The unit cells are marked with black (Figure a)
and pink (Figure b) lines. PDOS for one of the highly stressed edge atom (c) at 6 GPa and (d) at 10 GPa.

band structure clearly shows in the inset of Figure
4a the presence of a small band gap at 6 GPa. These
individual carbon nanotubes are semiconducting®*
under ambient conditions. As the pressure is in-
creased, the symmetry of the nanotubes breaks such
that highly directional ELF occurs at stressed edges.
This results in strong bond formation between the
atoms at the highly stressed edges with their neigh-
bors in adjacent tubes as seen in the ELF plot in Fig-
ure 4b. This is accompanied by a crossing of the low-
est conduction and valence band at the Fermi level
indicating a metallic state of the interlined struc-
ture along the axis. It is interesting to note that the
nanotubes interlink to form 2D layers of interlinked
flattened tubes. Although no bond formation is ob-
served between the sheets themselves, the sheets
may interact with each other in a periodic manner
because of reduced separation between them at
these locations. We analyze the PDOS at the highly
stressed sites at 6 GPa in Figure 4c and at 10 GPa in
Figure 4d to understand the role of these atoms and
the states associated with these atoms. We find that
at 10 GPa the states move far away from the Fermi
level. This is in accordance with the observation that
the edge carbon atoms become stable sp*-
hybridized as found in diamond. The contribution
to the DOS at the Fermi level is almost insignificant
due to the pure p,, p,, and p, orbitals at highly
stressed edge atoms; hence, most of the contribu-
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Figure 5. Electronic band structure for (a) (6, 6), (b) (7, 7), (c) (9, 9), and (d) (10, 10) armchair SWCNTs showing an opening-up
of a pseudobandgap when bundled. The Fermi level has been adjusted to zero.

TABLE 1. Comparative study of the Pseudogap and Lattice
Constant for (10, 10) SWCNT Obtained from Different
Methods

lattice

pseudogap constant

method’ (eV) ()
experiment'2° ~0.080" 16.95%
VASP LDA + USPP (Vanderbilt) + XC = CA ~0.186 16.85
VASP LDA + PAW + XC = (A ~0.179 16.42
VASP GGA + PAW + XC = PE ~0.066 16.66
LDA + PP (Troullier and Martin) + XC = CA' ~0.200 16.50
LDA + empirical PP" ~0.100

“CA = Ceperley and Alder; PE = Perdew, Burke, and Ernzerhof; LDA = Local den-
sity approximation; USPP = Ultra soft pseudopotentials; PAW = Projector aug-
mented wave; GGA = Generalized gradient approximation; PP = Pseudopoten-
tials; XC = Exchange correlation.

tion to the DOS at the Fermi level due to pure p,,
p,, and p, orbitals is expected from other atoms at
flattened surfaces.

The (5, 5) armchair nanotube is expected to be me-
tallic under ambient conditions due to the crossing of
bonding 7 and antibonding 7* bands at the Fermi
level. An isolated (n, n) nanotube has n mirror planes
containing the tube axis and it is the symmetry of the
nanotube that gives the desired metallic character to
this isolated nanotube. When bundled, a small pertur-
bation adds to the Hamiltonian due to the influence of
the neighboring tubes at the k points where the bands
cross. This is also accompanied by the breaking of sym-
metry. This opens a very small pseudogap at the Fermi

Energy (eV)

(b)

level as seen in Figure 5a—d. The density of states is
suppressed and not exactly zero at the Fermi level;
hence, the term pseudogap is commonly used. Our cal-
culations show that the opening of the band gap is ob-
served in both small (4, 4), (5, 5), (6, 6), (7, 7) and larger
(9,9), (10, 10), and (12, 12) diameter nanotubes. These
observations are in accordance with experimental'? ob-
servations of the opening up of a pseudogap in arm-
chair nanotubes. A comparative study of the opening
of the pseudoband gap obtained for different methods
for the (10, 10) armchair SWCNT is shown in Table 1.
The comparative study shows that the pseudoband-
gap is more accurately given by GGA while the lattice
parameters predicted by LDA are closest to the experi-
mentally obtained values. Symmetry is intrinsic to the
electronic band structures; hence, one may expect
change in the electronic structure at the Fermi level
when symmetry is broken. We observe that when (5,

5) SWCNT is compressed the symmetry of the nano-
tube is lost, and the band gap widens to about 0.26 eV
as shown in the inset of Figure 6a, indicating semicon-
ducting behavior at about 16 GPa. At this stage the
neighboring tubes with a separation of about 2.3 A are
not linked to each other as seen in the ELF plot in Fig-
ure 6a; however, increased interaction among the
nanotubes can be seen. As the pressure is increased
the tubes in the neighboring atoms link with each other
forming highly interacting sheets as also observed in
the zigzag (7, 0) nanotube. However, in this case the
polygon enclosing the tetrahedral carbon atoms are

20 GPa

4

Bond lengths

0-1 1.47A
0-2 1.47A

Figure 6. (a) Electron localization function (ELF) for the (5, 5) nanotube at 16 GPa. The nanotubes are not bonded to each
other; however, interaction cannot be ruled out at a separation of about 2.74 A. The electronic band structure inset shows
a small bandgap at the Fermi level. (b) ELF shows the interlinking of the tubes due to bond formation at 20 GPa. The unit cells
are marked with pink lines. Bonds labeled O-1 implies bond length from atom O to atom 1.
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slightly distorted, as seen in Figure 6b. At this stage
this sheet composed of interlinked (5, 5) nanotubes is
found to show metallic properties with bands crossing
the Fermi level. The interlinking of nanotubes is also
found to occur for larger nanotubes as discussed ear-
lier. The breaking of symmetry depends on the chiral in-
dices of the nanotubes which determines the forma-
tion of directional bonds and hence the interlinking of
nanotubes under compression. We observe that the
nanotubes form interlinks with the neighboring tubes
when highly directional dangling bonds are formed at
the stressed edges of the cross sections. The availabil-
ity of highly directional dangling bonds in close vicinity
enables bond formation thereby reducing the energy
of the system causing abrupt changes in the
energy—pressure diagrams.

CONCLUSION

We have investigated the formation of novel inter-
acting quasi-two-dimensional sheets of interlinked nan-
otubes by subjecting carbon nanotube bundles to hy-
drostatic pressure using DFT techniques. This is marked
by a decrease in energy and observed as an abrupt
change in the relative total energy—pressure diagram.
The high pressure interlinked structures are stable and

THEORETICAL METHODOLOGY

First principles ground state DFT calculations using the plane
wave Vienna ab initio Simulation Package (VASP)**3¢ were per-
formed. Spin restricted calculations within the generalized gradi-
ent approximation (GGA) were done using projector augmented
wave®” (PAW) potentials with the exchange correlation of
Perdew—Burke —Ernzerhof (PBE). Calculations within the LDA us-
ing PAW and Vanderbilts ultrasoft pseudopotentials (USPP) us-
ing exchange correlation of Ceperley and Alder®® as param-
etrized by Perdew and Zunger*® were also performed to verify
the formation of interacting quasi-two-dimensional sheets of in-
terlinked carbon nanotubes and compare the results with that
obtained using GGA. A high kinetic energy cutoff of 400 eV for
the plane waves was used. The geometry was relaxed using the
conjugate gradient technique such that no forces on atoms ex-
ceed 0.001 eV/A. Electronic properties were calculated by sam-
pling the reciprocal space using 30 k-points along the tube axis
after the structural optimization. Hydrostatic pressure was
monotonically increased in steps of 2 GPa for GGA calculations
using PAW potentials and LDA calculations using USPP, while
pressure steps of 4 GPa were used for LDA calculations using
PAW potentials. The approach is consistent with that used in pre-
vious work.* The vdW interactions within the LJ model for the
SWCNT—SWCNT interaction was calculated using the relation

v=02ff(—%+r%)ds1dsz

The value of Hamaker constants were taken to be A = 15.2
eV A, B =24 X 10° eV A. The surface density of the SWCNTs
were assumed to be uniform with ¢ = 0.3724*'42 which is de-
rived from graphene. The separation between two charge ele-
ments is represented by r, while dS; and dS, represent the sur-
face elements. The vdW potential is derived by replacing the
SWCNT by a shell of charge of surface o density and then com-
puting the interactions between the pair of tubes. The details of
the vdW calculations are provided in the Supporting Informa-
tion.
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remain so upon releasing the pressure. Formation of
metastable hexagonal cross sections for (3n+3, 3n+3)
nanotubes is observed at low pressures. The formation
of a hexagonal phase for (3n+3, 3n+3) SWCNTs at low
pressure and the novel interacting phase is observed ir-
respective of the form of the exchange correlation or
the potential used. Equilibrium separations in bundled
carbon nanotubes calculated using LJ potentials are
very close to the DFT results showing the accuracy of
the approach. Our calculations reveal that the electronic
band structure of all carbon nanotubes is modified
when bundled due to the interaction with neighbor-
ing nanotubes. This modification of the electronic band
structure is observed as the opening of a pseudogap
in armchair SWCNTs.

Interacting quasi-two-dimensional sheets of inter-
linked nanotubes are stabilized due to the formation
of highly directional dangling bonds at the stressed
edges under compression. Our findings of the forma-
tion of interacting quasi-two-dimensional sheets of in-
terlinked nanotubes are supported by previously re-
ported experimental results and will motivate further
research toward study and application of this novel
quasi-two-dimensional form of carbon.
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