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Magnetic properties of strained single-walled carbon nanotubes

Zhuhua Zhang and Wanlin Guo®
Institute of Nano Science, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, People’s

Republic of China
(Received 19 October 2006; accepted 4 January 2007; published online 2 February 2007)

Strong effects of uniaxial and torsional strains on the magnetic properties of single-walled carbon
nanotubes have been investigated by tight binding calculations and the Green function analyses. The
strain-induced peaks of susceptibility are found in the carbon nanotubes, and
paramagnetic-diamagnetic transition takes place at certain strains. The critical magnetic flux for
semiconductor-metal transition changes linearly with strains depending on the chiralities of the
tubes, mainly due to the tuning of the Van Hove singularities by the coupling of strains and magnetic
flux. The positive and negative strain effects are asymmetrical in chiral tubes. © 2007 American

Institute of Physics. [DOI: 10.1063/1.2450644]

A single-walled carbon nanotube (SWCNT) exhibits ei-
ther metallic or semiconducting character depending on its
chirality and diameter.' The electronic structure of a SWCNT
can be significantly tuned by mechanical strains, presenting a
strong electromechanical coupling.z‘5 This coupling effect
has been confirmed by many experiments in the SWCNTs,
which has potential applications in nanodevices.®’ Recently,
more and more theoretical and experimental researches
showed that the SWCNTSs have abundant magnetic properties
as well,*® and a periodic Aharonov-Bohm oscillations in the
conductivity of the SWCNT and large diamagnetic suscepti-
bilities have been observed when a magnetic field is applied
parallel to the tube axis."®"® However, the particular physics
of electronic states coupled to both strains and magnetic
field, and magnetic responses to mechanical deformation re-
main to be quantified in SWCNTSs theoretically.

In this letter, the electronic variations of SWCNTSs under
the coupled effects of the uniform deformation and an axis-
oriented magnetic field are studied systematically based on a
mr-orbital tight binding (TB) theory. We found that strains can
lead to significant change in susceptibility as well as strain-
induced paramagnetism—diamagnetism transition for almost
all types of SWCNTSs. A linear relationship between the criti-
cal magnetic flux and strain is exhibited, which shows
chirality-dependent asymmetry caused by positive and nega-
tive strains.

In all the following expressions, the superscript O is used
to denote the undeformed states without special statement,
and the physical quantities are described in a chirality depen-
dent (c,t) coordinate system, which consists of the circum-
ferential component ¢ and its perpendicular ¢ in the SWCNT.
In a strained SWCNT, the C-C bond will be stretched or
compressed. The deformed space vectors are r=r’+Ar
=r’(/+¢&), where I and & represent the unit matrix and a
two—dimensional strain tensor, respectively. The effect of
strains enters the TB Hamiltonian matrix element via
Hj(k,_E)zH(].)(k)rj(cxp ik-Ar;), where T»=("?/rj)2 is a factor
trom the Harrison hopping relationship, and j=1,2,3 label
the three bonds from a carbon atom with bond length r; and
veclor rj=rj.’+ §rj-’. This disposal to the Hamiltonian has been
employed to rightly predict the electronic structures of de-
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formed SWCNTs near Fermi level. " Here, we extend the
approach to SWCNTSs under an axis-oriented magnetic field.
In this case, the Hamiltonian should be modified by a phase
factor,

H](ky §’ ¢)
= Hj-)(k)'rj(exp ik - Arj)exp[i(Z'tr/d)O)f A- dr] . (1)

where ¢ denotes the magnetic flux threading the SWCNT, ¢,

is the flux quantum, and A denotes the vector polential,l

which is a function of strain and magnetic flux. It should be
pointed out that Harrison’s formula is usually valid in the
case of small strain of the bond length, which is accurate
enough in our calculated strain range within 6%, as large
deformation can destroy the SWNT."" The hybridization of o
and 7 orbits induced by curvature effect can cause a modi-
fication in the energy gap of the SWCNT.? However, this
modification varies as the inverse square of the SWCNT
radius,'® which can be neglected in our model when con-
sidering relatively large SWCNTs. In fact, curvature changes
induced by tensile and torsional strain are higher order small
values. From the Hamiltonian matrix, the energy dispersion
can be obtained as

E(ke k& y, ®) ={V2 + V3 + V3 +2V,V, cos o,

+2V,V5 08 wy + 2V, V5 cos(w, + w,)},
w) =kc(rlv” r2c) +k1(rlr—r2:) +2¢(rlc—r2c‘)/D¢0»

Wy =k (ry = r3.) +k(ry = r3) + 2¢(ry. = r3)/Depy,  (2)

where V;=V7; denote the transfer integrals of the strained
SWCNT with W=2.66 eV, g, is the uniaxial strain, vy is the
torsion strain, and D represents the diameter of the SWCNT.
Here the electronic states are restricted to the allowed states
by the boundary condition mDk.=2mq, with ¢ an integer.

The density of states (DOS) of the 7 electron in a
SWCNT can be given by the imaginary part of the diagonal
Green function." Under the coupled effects of the magnetic
flux and strains, the diagonal Green function can be written
as

© 2007 American Institute of Physics
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FIG. 1. DOS near the Fermi level of a (21, 0) SWCNT at different fluxes
obtained from the method of Green’s function (solid lines) and the theory
from Ref. 19 (dot lines). Values on the right side are stretching strains, and
the energy interval between the lowest VHS positions is the gap.

Glw+1is)

QO j w+ 1S
=_—— lim . dk,, (3)
27N g % i, (@+ is)2 = E(g,k.e,, 7, 9%

where ) is the volume of the (one dimensional) unit cell, N
is the number of unit cell in the tube, and w is the energy.
The total DOS p is given by the negative imaginary part of
the Green function,

p(w) =-Im[G(w)]. (4)

To verify the method discussed above, we have also calcu-
lated the coupled effects on the DOS of SWCNTs of arbi-
trary chiralities and diameters under various strains and mag-
nitudes of magnetic field by using the theory from Ref. 19,
which makes an assumption about the energy bands being
linear near the Fermi level so that it can only reflect the
electronic structures near the Fermi level. In Fig. 1, we plot
the DOS of the (21, 0) SWCNT under the coupled effects of
flux and stretching deformation. A good coincidence is found
between the two methods at lower strains and lower energies.
Similar results can be obtained for other types of SWCNTs
as well.

For the (21, 0) SWCNT under stretching only, the Van
Hove singularities (VHSs) split first, then shift and merge
with increasing strain, resulting in a metal-semiconductor
transition, as shown in Fig. 1(a). For the strained SWCNT,
when threaded by ¢, splitting of VHS occurs again, and the
coupled effects of different values of strain and flux make the
VHSs shift and merge slower or faster, so that the field-
induced metal-semiconductor transition in the tube can be
modulated into other transition modes by strain (Fig. 1), such
as a semiconductor-metal-semiconductor transition. If the
magnetic flux is withdrawn, our results can meet the findings
of Ref. 4.

Now, concretely, the effects of strains on the critical
magnetic flux (labeled as ¢, which induces semiconductor-
metal transition) will be discussed. Under the strains within
the above discussed range, it can be clearly seen that the ¢,
changes linearly with strains [Figs. 2(a) and 2(b)], and the

Appl. Phys. Lett. 90, 053114 (2007)
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FIG. 2. Critical flux for semiconductor-metal transition as functions of
strains and the asymmetrical effects caused by negative and positive strains.
The slopes of the critical magnetic flux vs strain as functions of the chirality
angle @ for SWCNTs (n,m) with n+m=14. (a) and (c) show the case of
uniaxial strain, while (c) and (d) represent the case of torsion (>0 for net
bond stretching and <0 for net bond compression). The “abs” represents the
absolute value, and v=(n—m)mod 3.

sign and the slope of de¢./de, (or d¢./dy) depend on the
chirality and chirality angle of the SWCNT, respectively. For
a set of SWCNTs (n,m) with n+m=14, the effects of the
chirality angle on the absolute values of d¢p./de, and d¢./dy
are shown in Figs. 2(c) and 2(d), respectively. It is shown
that the uniaxial strain is more sensitive for SWCNTs with
smaller chirality angle, while the torsion strain shows a con-
trary character. We can see that the uniaxial/torsional strain
can hardly modulate the critical magnetic flux of armchair/
zigzag SWCNTs, but can easily modulate that of zigzag/
armchair SWCNTSs. It is interesting to find that positive and
negative strains have asymmetrical effects on the critical
magnetic flux of chiral SWCNTs. The asymmetrical effects
are relative with the asymmetrical structures of the chiral
SWCNTs. For example, the armchair tube, due to its pure
symmetry, always shows symmetrical change with positive
and negative strains, but this is limited to small strain.?’ Un-
der an applied strain, convenient modulation of the critical
flux by strains suggests that only a relatively weaker field is
adequate to realize the semiconductor-metal transition. If the
strain is set to zero, our calculations can reproduce that of
Ref. 12.

The strong strain-dependent magnetic response in the
SWCNT implies a strain-related magnetic susceptibility. The
total susceptibility x contains two contributions, the spin
term x, and the orbital term x,;. We neglect x, and let x
= Xor, according to Lu’s research. % For the strained SWCNT,
x can be deduced from the free c:nergy,'z'2

PF(P,T)
Lo ) : (5)
&=0

x(T) = (— TrszTﬁz“

where F(¢,T) =—kgT 2 In(1+explE,(q.k,. €., 7, D)

ki

—u)/kgT)) is the free energy ol;' the SWCNT at temperature
T. and u denotes the chemical potential.

The susceptibility of carbon nanotubes is anisotropic and

changes according to the orientation of the applied magnetic
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FIG. 3. Susceptibility per nanometer of the strained SWCNTs and the sus-
ceptibility peak caused by the strains. (a) The effects of uniaxial strain on
the susceptibility of three types of SWCNTs at temperature of 0 K, where
triangles represent the case of (60, 0) SWCNT at temperature of 600 K for
comparison. (b) The effects of torsion on the susceptibility at temperature of
300 K, where triangles exhibit the case of (20, 10) SWCNT at temperature
of 0 K. =0 eV. The first peak of each curve is denoted by a square. The
dot lines denote the value of zero susceptibility, and the numbers which
denote the peak values are in unit of 107> cgs/(mole nm).

field.""'? Here, we only discuss the case of axis-oriented
magnetic flux. However, in this case, the behavior of the
susceptibility of the strained SWCNTs is diversified and full
of surprises, as shown in Fig. 3. In the absence of strains, it
is shown that the SWCNTs with v=0 are paramagnetic and
the SWCNTs with v=+1 are diamagnetic, as can be ex-
pected by the previous studies.'? In the presence of strains,
however, the susceptibility shows a surprising oscillation
with strains, whose breadth and amplitude depend on the
_ chirality and the diameter of the SWCNT. For each SWCNT,
the peak nearest to the zero point of strain is labeled as the
first peak (denoted by a square in Fig. 3). The position of the
first peak depends on the tube chirality and the strain mode,
which can be concluded from Fig. 3. Our extensive calcula-
tions also show that (1) for SWCNTs with given chirality
angle, the distance between two proximate peaks decreases
with increasing diameter, following an increase in the peak
value; (2) for SWCNTs with identical diameter, within the
same strain range, the number of the peaks decreases with
increasing chirality angle in the case of uniaxial strain, but
increases in the case of torsion strain. There is an exception
that the susceptibility curve of an armchair SWCNT versus
uniaxial strain has the largest number of peaks, mainly due to
its immunity to uniaxial strain. We must stress that the effect
of temperature is mainly connected with the roughness of the
X-strain curves, which shows that the higher temperature, the
smoother curves.

The underlying reason of the oscillation of susceptibility
should be placed on the strain-induced semiconductor-metal
transition in SWCNTs. If a SWCNT is a semiconductor ini-
tially, it would possess a diamagnetic susceptibility. How-
ever, its band gap decreases gradually with strain, leading to
the increase in the susceptibility and a diamagnetism-
paramagnetism transition, and when the gap disappears, the
susceptibility will achieve the peak value. For chiral
SWCNTs as shown in Fig. 4(b), the peak value of suscepti-
bility increases along the negative direction of the strain axis,
which suggests that chiral tubes can always possess a para-
magnetic susceptibility under enough large negative torsion
(for net bond compression): this character is unique to the
chiral tubes under torsion. The oscillation of the susceptibil-
ity with strain reflects the strain-induced periodic metal-
semiconductor transition character in SWCNTs. As the sus-
ceptibility can be modulated by strains so significantly, we

Appl. Phys. Lett. 80, 053114 (2007)

can expect that a giant diamagnetic or paramagnetic suscep-
tibility can be obtained conveniently in any SWCNTs by
applying strains. More importantly, the switching of the sign
of susceptibility implies a strain-induced diamagnetism-
paramagnetism transition when the strain reaches a critical
value (except for the armchair tubes). New nanodevices may
be designed using this transition mechanism, such as a
nanoswitch for magnetization.

In conclusion, our TB analyses show that the magnetic
properties of SWCNTs can be significantly tuned by strains.
The critical magnetic flux for semiconductor-metal transition
has a linear but chirality-dependent relationship with strains.
The chirality-related asymmetry is found from the effects of
positive and negative strains on the transition. Furthermore,
the susceptibility of strained SWCNTs has strain-induced
peaks, whose values and distributions rely on both the chiral-
ity and the diameter of the SWCNTSs. A switch between para-
magnetism and diamagnetism is found at certain strains.
Some factors such as spin-magnetic field interaction may
affect the magnetic properties of the SWCNTs and deserve
further studies.
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Coaxial nanocable: Carbon nanotube core sheathed with boron nitride

nanotube
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A coaxial nanocable model consisting of conductive carbon nanotube core and boron nitride
nanotube sheath is proposed by ab initio calculations. The conduction electron density is mainly
concentrated on the inner carbon shell at the optimal interwall distance about 0.35 nm. The
conductivity of the core carbon nanotube and the insulation of the boron nitride nanotube sheath are
found to be rather tolerant to mechanical deformation. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2714997]

As the development of nanoelectromechanical systems
(NEMSs),l excellent interconnections for nanoscale elec-
tronic elements have been considered widely. Suenaga et al?
synthesized a sandwich structure made of carbon layers and
boron nitride (BN) layers, which resembles the structure of
nanocable but cannot present the function. A coaxial nano-
cable consisting of SiC/SiO, sheathed with BN and carbon
was prepared by Zhang et al? Subsequently, many coaxial
structures have been synthesized, such as B-Si02,4
SiC-Si0,,” Zn-ZnS,® TiO,-Si0,,” and Ag-C.® but few of
them can act as a nanocable for the weak electrical capabil-
ity. Recently, Zhou et al’ proposed a theoretical nanocable
model of copper nanowires encapsulated in BN nanotubes
(BNNTs), where the BNNTs could function as insulating
sheaths excellently. However, an ideal nanocable should own
light weight for suspending in NEMS and, importantly, high
strength to resist the mechanical deformation. Carbon nano-
tubes (CNTs) with excellent mechanical,w electrical,” and
magnetic12 properties have been regarded as an important
component in future devices. On the other hand, the BNNTs
exhibit high strength, thermal stability, and chemical inert-
ness, especially insulators regardless of their chirality and
diameters.”> Multiwalled BNNTs have been also re?orted
and found that the majority of them are even walled. * Re-
cently, both experiments and theoretical calculations have
shown that nanopeapods formed by encapsulating of Cg into
BNNTSs could exist s[ably,ls"6 which may provide an effec-
tive material to prepare a coaxial structure composed of inner
CNT and outer BNNT under appropriate conditions.

In this work, coaxial nanocables consisting of conduc-
tive CNT core and insulating BNNT sheath are investigated
by ab initio calculations. We find that the interwall distance
in the most favorable nanocables is about 0.35 nm. The in-
terwall interaction between CNTs and BNNTs is extremely
weak and the conduction electrons are mainly concentrated
on the CNTs. Contrary to other nanocables, the present
model can sustain a high conductivity even under large me-
chanical deformation.

All calculations have been performed using ultrasoft
pseudopotentials with a plane-wave basis.'” In our calcula-
tions, one-dimensional periodic boundary condition is ap-
plied along the nanotube axis with multiple & sampling. One
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unit cell of the nanocable along the axis is included in our
calculations and the distance between two nearest nanocables
is about 0.8 nm. All the atoms in the unit cell are fully re-
laxed until the force on each atom is less than 0.1 eV/nm.

Interwall interaction energies are calculated for achiral
configuration of the proposed nanocable, which are defined
as the energy difference between the total energy of the com-
bined system and the summation of the total energies of an
isolated CNT and a pristine BNNT in the same simulation
box, calculated with the same parameters. We take armchair
configuration (5,5)-(n,n) (n=8-12) and zigzag (6,0)-(m,0)
(m=13-17) to clarify the energetics of the nanocables con-
sisting of thin CNTs and thick BNNTSs, as shown in Fig. 1. It
is found that the (10, 10) and (15, 0) outer BNNTs are the
most energetically favorable for the inner (5, 5) and (6, 0)
CNTs, respectively. Both of them imply an optimal interwall
distance of about 0.35 nm. However, there may be some
other chirality configuration of the proposed nanocable, such
as chiral-chiral and chiral-zigzag, but the nature of the inter-
wall interaction is nearly identical and is not the focus of this
study. For simplicity, we have considered only the armchair
configuration with armchair-armchair in the proposed nano-
cable.
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FIG. 1. (Color online) For a selected inner CNT core, total energy per atom
of each nanocable as a function of the interwall distance between the inner
CNT and the outer BNNT. Circles and triangles denote the case of
(5,5)-(n,n) and (6,0)-(n,0) nanocables, respectively.

© 2007 American Institute of Physics

Downloaded 26 Mar 2007 to 218.94.136.171. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



1331083-2

Zhang, Guo, and Tai

To investigate the interwall interaction between the outer
BNNTs and the inner CNTs, the electronic structure of (5,
5)-(10, 10) is calculated, as shown in Fig. 2(a). The band
structures of the individual CNT and BNNT are also shown
in Figs. 2(b) and 2(c) for comparison, respectively. A wide
energy gap of about 4.4 eV near the Fermi level is found
with (10, 10) BNNT (the gap is in good agreement with
previous ab initio"® and tight-binding 3 results), while the
(5, 5) CNT exhibits a metallic nature. From Fig. 2(a), a
simple superposition of the band structures of the individual
BNNT and CNT can be found clearly. However, there is a
small variation of the electronic structure of the CNT when
compared with that of the pristine CNT and also for BNNT.
The variations are due to the small difference between the
bond lengths of C—C and B-N, which makes the C—C bond
stretched and the B-N bond compressed a little in our com-
puted unit cell model for matching the periodic boundary
condition. To show the effect of axial deformation, we also
performed calculations for band structures of individual
BNNTs and CNTs under uniaxial strain of +5%, which are
shown in Figs. 2(d)-2(g). It is found that the sheath BNNT
and the core CNT always keep insulating and conductive,
respectively. The small vanations of the bottom of conduc-
tion band and the top of valence band at the I" are worthy of
attention, which indeed imply that the C-C bonds are
stretched and B-N bond are compressed slightly in the unit
cell. This disposal to the unit cell hardly affects the weak
interaction between the sheath and the core of the nanocable.

The transport properties of the nanocable can be further
evaluated by computation of the partial electron density on
the two bands crossing the Fermi level. In the left panel of
Fig. 3, we plot the charge density of the conduction elec-
trons, which indicates that the conductive electrons are
mainly distributed on the inner CNT but seldom on the outer
BNNT shell. The isosurface for the charge density discussed
above, as shown in the right panel of Fig. 3, further indicates
that the outer BNNT cannot participate in the electron trans-
port. Therefore, the electronic current is only carried by the
inner CNT, while the outer BNNT acts well as an insulating
sheath simultaneously.

We also studied the electronic behavior of the squashed
(5, 5)-(10, 10) nanocable, as shown in Fig. 4. Similar to Ref.
19, two identical tips are used to squash the nanocable with a

Appl. Phys. Lett. 90, 133103 (2007)

FIG. 2. Band structures of (a) (5, 5)-(10, 10) nanocable,
(b) (5, 5) CNT, and (c) (10, 10) BNNT. The electronic
structures of (5, 5) CNT under axial strains for (d)
stretching 5% and (e) compressing 5% are shown for
comparison. (f) and (g) exhibit the electronic bands of
(10, 10) BNNT under axial strains for stretching 5%
and compressing 5%, respectively. The Fermi level is
located at 0 eV.

width of w=0.15 nm symmetrically about its center. The
squashed nanocable structures are optimized at each tip po-
sition. In Fig. 4(a), the variation of energy gap of the nano-
cable with distance between the two tips [labeled by d in Fig.
4(a)] is drawn. When 4>0.93 nm, it is found that the gap
opening is less than 0.02 eV, which is mainly because the
inner CNT is squashed into a elliptical shape by the outer
BNNT and the atoms at the top and bottom sides of the CNT
interact weakly (a weak m-7" interaction). But when
0.59 nm<d<0.93 nm, the gap opens up to nearly 0.2 eV
and the nanocable becomes a semiconductor as the atoms at
the top and bottom sides of the inner CNT start to form
sp*-type bonds (a strong -7 interaction). Besides, the cur-
vature at the edges of the CNT would lead to a strong m-o
interaction and partial transfer of charge to the curvature re-
gion [Fig. 4(c)], which can raise the o bands, so that the gap
opening may be canceled a little in this case.” However, the
gap closing at 4<<0.59 nm should be attributed to the inter-
action between the outer BNNT and the inner CNT. From
Fig. 4(d), it can be clearly seen that dangling bonds have
been formed between the BNNT and CNT, and the conduc-
tion electrons have been transferred partially into the outer
BNNT. Thus, at this point, the nanocable has been ruined. In
order to further understand the gap closing, the band struc-
ture of the nanocable at 4=0.55 nm is plotted in Fig. 4(b),
where the 7 bands of the inner CNT are flattened by the

*v oo *t

FIG. 3. (Color online) Charge density (left panel) and corresponding isos-
urface (right panel) of the conduction electrons on the two bands crossing
the Fermi level. Red. green, and blue balls stand for carbon, nitrogen. and
boron atoms. respectively. Red. yellow, green, and blue colors in the left
panel represent the magnitude of electron density in descending order.
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FIG. 4. (Color online) Behavior of the (5, 5)-(10, 10) nanocable under radial
deformation. (a) The energy gap of the nanocable as a function of the dis-
tance between the two tips. (b) The electronic band of the nanocable under
defonmation at point labeled by 2 in (a). (c) and (d) are the isosurface of
charge density of the bands crossing the Fermi level under deformation at
points labeled by 1 and 2 in (a), respectively. The short dash line denotes the
Fermi level in (b).

formation of sp>-type bonds and are considerably mixed with
the states on BNNT, which suggests, in this case, that the
charge transport would be both on the inner CNT and the
outer BNNT. Nevertheless, the excellent conduction of the
proposed nanocable is survived even when d=0.83 nm as the
conduction electrons are still mainly concentrated on the in-
ner CNT [Fig. 4(c)], which suggests that the nanocable can
suffer a radial pressure up to 500 GPa. Therefore, the pro-
posed nanocable is robust enough under radial deformation.

If other metallic-type CNTs are adopted as the inner core
of the cable, we can infer that an excellent nanocable can
also be obtained. In this case, the band gap of the CNT core
will be varied under the uniaxial strain. Nevertheless, the
variation is located within 0.1 eV even when the strain is up
to 5%, while the outer BNNT is inert to stretching. Thus the
proposed nanocable exhibits high robustness for convincing

Appl. Phys. Lett. 90, 133103 (2007)

conductive capacity under the tensile deformation. In fact,
the CNT can be modulated from semiconductor to metal by
an axis-oriented magnetic field,'> while the energy gap of the
outer BNNT can hardly be changed by it. Thus the inner
CNT is not necessary to be metallic initially. In addition, due
to excellent dielectric properties and high resistance to pen-
etration in bulk hexagonal BN, the transverse penetration
voltage of the studied nanocable is expected to increase by at
least 14 times when compared with that of bare CNT case.
Multiwalled BNNTs should provide better antipenetrating
properties.

In conclusion, our ab initio study on the coaxial nano-
cable consisting of a metallic CNT core and an insulating
BNNT sheath shows that the BNNT can serve well as an
insulating sheath while the CNT core possesses excellent
transport ability, and the nanocable is robust enough to me-
chanical deformation. The excellent transport and mechani-
cal properties of the proposed nanocable make it a potential
in future nanodevices.
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ABSTRACT

By using controlled SPM manipulation, carbon nanotubes have been continuously bent into a series of increasing angles, and two distinct
buckling modes corresponding to “abrupt” and “gradual” buckle formation were observed through recording the height increment at the bend
site during the loading process. Molecular dynamics simulation also found the two buckling modes in different types of carbon nanotubes,
and their atomistic mechanism was revealed. Finally, the dependence of the critical buckling condition on diameters of carbon nanotubes was

tentatively studied.

The buckling behavior is a fundamental mechanical property
of carbon nanotubes (CNTs). It is found that the electrical
conductance and the effective bending modulus of CNTs will
be significantly changed by the formation of a buckle.!? This
makes a comprehensive understanding of the buckling
occurrence such as the buckling mode and critical buckling
condition important for future applications of CNTs in the
nanoelectromechanical system (NEMS) and superstrong
composite materials.>* Compared to the abundant theoretical
efforts concerning the buckling behavior of CNTs,>~7 the
direct experimental study is limited due to the small
dimension of CNTs. Although the existence of the buckle
in bent single- and double-walled carbon nanotubes® and the
wavelike wrinkle in multiwalled carbon nanotubes (MWNTs)®
has been determined by high-resolution transmission electron
microscopy (HRTEM) and scanning probe microscopy
(SPM),>!° the experimental report on the buckle formation
process and critical buckling condition and their dependence
on tube structures is still limited. The limitation mainly lies
in the difficulty in controlled deforming of the carbon
nanotubes.

In the present study, the structure evolution of individual
carbon nanotubes in the bending process is systematically
investigated through continuously bending the tubes to
different angles by SPM manipulation. Measurements of the
height change at the buckling site show two distinct buckling
modes: the abrupt transition from uniform elastic bending

* Corresponding authors. E-mail: jinzhang@pku.edu.cn (J.Z.); zfliu@
pku.edu.cn (Z.L.); wlgno@nuaa.cdu.cn (W.G.).

T Peking University.
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10.1021/nl062424i CCC: $37.00  © 2007 American Chemical Society
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to buckling at a critical bending angle accompanying a height
jump and the gradual transition with the height increasing
slowly. Using molecular dynamics (MD) simulations, the two
buckling modes are consistently reproduced in different types
of CNTs, and the atomistic mechanism of the two modes is
revealed. Furthermore, a special “dual-size” effect concerning
the important role of tubes thickness and diameter in
determining their buckling modes was predicted. Finally, the
dependence of the critical buckling condition on diameters
of carbon nanotube was tentatively studied.

All carbon nanotubes used in our bending experiments
were grown directly on silicon (111) surfaces with a 200 nm
thick SiO» layer by chemical vapor deposition (CVD).
Briefly, Fe(OH); colloids hydrolyzed from FeCl; were spin-
coated onto silicon surfaces to act as the catalysts, and the
carbon nanotube growth was carried out at 775 °C for 5 min
with a flow of ethene at 10 standard cubic centimeters per
minute (sccm) and hydrogen and argon at 600 sccm,
respectively. The carbon nanotubes prepared using this direct
surface growth are free from defects and contamination of
amorphous carbon.'"'? The diameter of the as-grown carbon
nanotubes is mainly in the range of 1—2 nm with a few
exceptions. For the bending test, straight ends of carbon
nanotubes with different diameters were purposely chosen.
All carbon nanotubes here can be manipulated repeatedly
without any cleavage. This proves that they are individual
carbon nanotubes rather than bundles.

The SPM bending manipulation was conducted using a
Nanoscope IIT SPM (Veeco) with specifically compiled
software (sce Supporting Information). Normally, the SPM
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Figure 1. Tapping-mode AFM height images of a carbon nanotube
bent to different angles. The angles between the initial and final
position of the moved part was defined as the bending angle € as
shown in panel ¢. In the top right corner of each image, the bending
angles are shown. During the manipulation, the end segment has
becen pushed along the path shown by the white arrows. The
direction and position of the tube end segment was determined by
the tip’s path, which made it possible to control the bending angle.
Scale bar: 50 nm. (e) Schematic figure of the detailed bending
structure of carbon nanotubes. There is only vdW interaction
between the substrate and the moved part indicated by the blue
linc.

was operated in tapping atomic force microscopy mode in
air. For a typical bending manipulation, the tip was pressed
down about 5—20 nm with the feedback switched off for an
optimal contact load at the tip—sample interface. After that,
the tip moved horizontally along a predefined straight path,
which had a small angle with the axis of the end segment
that would be manipulated (as shown by the white arrow in
Figure 1) and pushed the end segment that had a typical
length of about 100 nm. Then the tip returned to the normal
imaging distance, and the feedback was switched on to get
the images of the bent tubes.'>!* All the height measurement
from the AFM image was conducted with a lincar fit of the
substrate profile as captured, without plane fitting."”* The
diameter values were an average of more than 10 points along
the tubes. Figure 1 shows typical bending results of a carbon
nanotube with a diameter of 1.31 nm. It can be seen that the
position and direction of the manipulated segment was
definitely determined by the tip’s path. In our system,
because of the straight manipulation path, the main part of
the moved segment was straight and the effective bending
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segment was localized in a small region, which appeared as
the cross point of the fixed and moved part due to the AFM
resolution limitation.'® We define the angle between the
manipulated part and its initial position as the bending angle
6, which is closely related with the curvature of the effective
bending region. By simply predefining the tip path during
manipulation, the bending angle could be controlled, which
made the observation of the structure evolution in the whole
bending process possible. The bending configuration was
maintained by the interaction between tubes and substrate.

Table a in Figure 2 shows the heights of the bend “point”
at different bending angles of this tube. An increment in
height was caused by the first manipulation to 26°. Actually,
this elevation happened for the entire moved segment. This
can be seen from the section analysis in Figure 2c: in the
black profile, there was no difference in the height of the
bend “point” and the straight moved part, while in the red
profile, the height of the bend “point” was obviously larger
than that of the fixed part. The elevation of the moved part
caused by the first manipulation in fact occurred in all carbon
nanotubes we manipulated. In the following manipulation,
the straight manipulated part would remain at this elevated
height all the time. For the bend “point”, as long as the
bending had not reached the critical buckling condition, this
elevated height would also remain constant. This height
increment may be caused by the interaction decrease between
the substrate and the manipulated CNTs segment compared
to that between the substrate and the as-grown CNTs, as
proved by the smaller force (less pressing-down distance of
tip) needed to achieve the following manipulation than the
first manipulation. Because of the smaller interaction of
substrate with the moved part than with the fixed part, the
bending strain would propagate along the moved segment
rather than the fixed segment, and the effective bending
region would locate in the moved segment, which interacted
with the substrate only by van der Waals (vdW) force. It
has been proved that this vdW interaction had no significant
influence on CNT buckling behavior, as discussed in the
following text. The schematic figure of the detailed bending
structure can be found in Figure le.

To take this elevation into account when studying CNT
buckling behavior, for the AH (increment in height) values,
except for the bending angle 0° where it had been set as 0,
other values at the bend “point” for all CNTs in this paper
were calculated by a comparison with the values after the
first manipulation (an average of the bend “point” heights
at all bending angles before buckling) rather than the initial
heights. The plot of the AH vs the bending angles for the
tube with a diameter of 1.31 nm is shown in panel (b) of
Figure 2. After the first manipulation, the height remained
nearly constant until reaching 96°. As opposed to the case
at bending angle 26°, the height increase at 96° only
happened at the bend ““point” when an obvious protuberance
appeared. This can also be seen from the 3-D AFM height
images (Figure Sla, Supporting Information). The height
jump suggested a transition from uniform elastic bending to
buckling of CNTs happened at a certain bending stage
between 84° and 96°. This is consistent with the theoretical
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Figure 2. (a) Heights and height changes (AH) at the bend “point” of carbon nanotube with diameter of 1.31 nm at different bending
angles. (b) Plot of AH vs bending angles. The red and black lines in the right panels of (c¢) correspond to the profiles marked with the red
and black arrows in the left panels, respectively. In table a, because there was no height change before manipulation, the AH has been set
as zcro at 0°. All the following AH was obtained from a comparison with the average valuc of heights from 26° to 84° before buckling.
(d) Plot of AH at the bend “point” of carbon nanotube with diameter of 3.17 nm vs bending angles. The insets are the AFM images of this
tube at 19° and 35°. (c) Scction analysis of tube with diameter of 3.17 nm at 19° and 35°. The red and black lines correspond to the profiles

marked with the red and black arrows in the inset of d, respectively. All the scale bars in the AFM height images are 50 nm.

predictions: when the bending strain is small, the C—C bonds
of CNTs have a slight stretch at the outer side of the bending
region and a compression at the inner side, which appears
as uniform elastic bending. This structure has no significant
difference with straight tubes. When the strain is increased
to a certain extent, a new pattern, buckling, would be formed
accompanying a minimization of the strain energy.>° This
structure has a special atomic arrangement as compared to
the normal carbon nanotubes. For this tube, this transition
was abrupt and it caused a height increment of 0.28 nm (an
average of the AH for all bending angles after buckling, same
for the following tubes). In subsequent bending to 108°, the
buckle structure was preserved with the height constant again.
The result here observed the transition from uniform elastic
bending to buckling of an individual carbon nanotube
experimentally, and the critical buckling angle appeared to
be in the range of 84—96° for this tube.
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Another case is shown for a carbon nanotube with a
diameter of 3.17 nm (Figures 2d,e and S1b, Supporting
Information). When bent to 35°, the newly formed protuber-
ance at the bend “point” indicated the occurrence of buckling.
The critical buckling angle for this tube was therefore in the
range of 19—35°, and the final AH corresponding to the
buckle formation was 1.08 nm. We have designated this
abrupt transition from uniform bending to a fully formed
buckle, as exhibited by the above two tubes, “buckling mode
I

As opposed to the abrupt transition from uniform elastic
bending to a fully formed buckle, some carbon nanotubes
had another buckling behavior. Figure 3a,b shows the
bending results for a carbon nanotube with a diameter of
2.82 nm. The difference lay in that, from 50° to 91°, the
height had experienced a gradual increase before reaching
the final constant value rather than an abrupt jump. From
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Figure 3. (a) Plot of AH at the bend “point” of carbon nanotube with diameter of 2.82 nm vs bending angles. It can be scen that there is
a gradual increase in height from 50° to 91°. The red and black lines in the right panels of (b) correspond to the profiles marked with the
red and black arrows in the left panels, respectively. From section analysis b and 3-D AFM height images (Figure S1c, Supporting Information),
it can be seen that there is a small buckle formed at 57°, while at 120°, the buckle has been fully formed corresponding to the larger and
stable protuberance at the bend site. All the scale bars in the AFM height images are 50 nm. Table ¢ shows the critical buckling condition
ranges and maximum height increment AHp, of different carbon nanotubes. For the two tubes of mode II, the first range is where the

buckling begins and the second is where the buckling finishes.

the section analysis, it can be seen that, during this stage,
for example at 57°, a small protuberance has been produced,
while above 91°, the protuberance was larger and stable. The
final maximum AH was 0.40 nm for this tube. This implied
that the CNTs have experienced a series of intermediate states
when transiting from the uniform elastic bending to the fully
formed buckle. This was quite distinct from buckling mode
I; we have designated this “‘buckling mode I1”.

By comparing the carbon nanotubes listed in table ¢ of
Figure 3, it was found that buckling mode I often happened
for small-diameter CNTs, while mode II mainly occurred
for larger-diameter tubes. To understand the atomistic
mechanism of the two distinct buckling modes described
above and also to explore their possible origin, molecular
dynamics (MD) studies were conducted on CNTs of different
types under bend loadings. In our MD simulations, the
second-generation reactive empirical-bond-order potential
was adopted. It was developed for hydrocarbons on the basis
of the Tersoff—Brenner expression, and the L-J potential
describing long-range vdW interaction was also included.'”!®
Three-walled, double-walled, and single-walled carbon nano-
tubes were modeled in this study. The bend loading was
applied by giving a displacement of 0.2 A to one end of the
CNTs at each step, and then relaxing the whole system while
keeping both ends of the CNTs fixed.

The two buckling modes were also observed by the
simulations, and it was found that buckling mode I could be
mainly observed in SWNTs, while buckling mode II mostly
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occurred in MWNTSs, which have thicker tube walls than
SWNTs. Panel a in Figure 4 presented the AH with respect
to the bending angles of the (9,9) SWNT, which has a
diameter of 1.21 nm and a length of 24.5 nm. Before 39°, a
small AH increase happened and the configuration of the
bent tube had no significant change except for a slight
ovalization of the cross section. This means that the SWNT
underwent uniform clastic bending during this stage. Typical
geometrical configuration was shown as the lower inset. At
41°, a sudden jump from 0.199 to 0.448 nm happened in
AH, which corresponded to the abrupt transition from
uniform elastic bending to buckling, as shown by the
geometrical configuration in the upper inset. This phenom-
enon was qualitatively consistent with the experimental
buckling mode I, and simulations on other SWNTs such as
the (8,8), (17,0), and (14,14) SWNTs led to the same
conclusion.

As for MWNTs, several double-walled and three-walled
carbon nanotubes were modeled in our studies. Unlike
SWNTs, all MWNTs in our simulations showed a gradual
buckling process. As exampled by the (4,4)/(9,9)/(14,14)
MWNT shown in Figure 4b, a gradual height increase
happened that corresponded to a series of buckling interme-
diate states formation. Typical geometrical configurations at
23° and 30° were shown in the inset. It could be found that
there was nearly no buckling for the inner layers, and the
outer layers were partly buckling compared to the full
buckling of corresponding tubular graphene layers in SWNTs.
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Figure 4. Molecular dynamics simulation results of carbon nanotubes under bend loadings. (a) Plot of AH vs bending angles of (9,9)
SWNT, which is 1.21 nm in diameter and 24.5 nm in length. The sharp jump in AH can be observed from 39° to 41°. Insets are the
representative geometrical configurations before (lower, 39°) and after (upper, 41°) buckling. (b) Plots of AH vs bending angles of (4,4)/
(9,9)/(14,14) MWNT, which is 1.9 nm in diameter and 12.2 nm in length; AH increases gradually during the whole process. Typical
configurations of the intermediate buckling states are shown as the insets, which are under 23° and 30° bending, respectively.

Along with the increase of the bending angles, the buckling
of all individual layers proceeded gradually. This was in
agreement with the experimental results of buckling mode
1I.

The inhomogeneity of the buckling state between the inner
and outer layers in MWNTs indicated the important role of
thickness in tube-buckling behavior. As predicted by the
theoretical studies, the critical buckling curvature of CNTs
is closely related to their diameters (for example, it was found
that, for SWNTs, the critical buckling curvature is inversely
proportional to the square of tube diameter’). Thicker CNTs
would have larger difference in inner and outer wall
diameters. Thus at some bending stages, the outer wall would
buckle first, while the inner walls remained stable. Further-
more, the radial elastic modulus of carbon nanotubes also
increased with decreasing diameter.'® The less-deformed
inner tube would offer strong restraint to prevent the outer
tube from dramatic deforming in transverse directions.
Different layers buckled at different bending stages, and the
partial buckling of outer layers operated together and resulted
in the gradual buckling of MWNTSs. Here, it can be seen
that, for carbon nanotubes such a nanoscale object, the vdW
interaction began to show significant influence on their
mechanical property and made their buckling behavior
distinct from the macroscopic shells. Furthermore, both the
experiment and simulation indicated that special CNT
structures may be developed during the bending process. This
diversity of structures may have potential applications in
future NEMS or other nanoelectronic devices.?

The thickness should not be the only factor intluencing
the CNT buckling behavior. Considering small-diameter
SWNTs, although the interwall vdW does not exist, the vdW
interaction between the inner and outer side of the bending
from the same wall could become remarkable and may offer
a restriction for the buckling. While if the diameters of
MWNTs were large enough and their walls were not too
thick, the difference in critical buckling conditions for the
inner and outer walls may be negligible, so all the walls may
buckle simultaneously and the inner tube would offer less
constraint to hinder the outer tube’s deformation. Their
buckling behavior may be more like mode I. The above
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analysis may explain the result of the tube that buckled as
mode I while it had a diameter of 3.17 nm. So for the CNT
buckling behavior, the thickness and diameter may have a
cooperative effect. This cooperative effect has been proved
by Chang et al. by using a molecular mechanics model.” The
dependence of carbon nanotube properties on diameter could
be regarded as a size effect, which is known as an important
factor leading to special electronic, optical, magnetic, and
chemical properties of nanomaterials.?’ Here, a special “dual-
size” effect, diameter and thickness, which operated together
to determine the CNT buckling behavior, may exist. This
concept may be important for describing CNT mechanical
properities.

In a slightly different case from the isolated CNTs in
simulation, there was vdW interaction between the substrate
and the effective bending region of tubes in the experiment.
However, by using molecular dynamics simulation, it has
been proved that this vdW interaction had no significant
influence on tube buckling (Supporting Information). That
is why such a good agreement between experimental and
theoretical results had been achieved.

By comparing the range of the critical angles of the four
carbon nanotubes buckling as mode I in table ¢ of Figure 3,
it is found that the critical angles decreased along with the
increase of the carbon nanotube diameters except those with
diameters of 1.24 and 1.31 nm. The trend here was consistent
with the theoretical predictions,® where an inverse relation
between the critical buckling curvature and the square of
carbon nanotube diameters has been proposed, although the
clear relationship between the critical angles and diameters
could not be deduced by far here. The deviation of the carbon
nanotubes with diameters of 1.24 and 1.31 nm may arise
trom the influence of the helicity, which has also been
theoretically predicted for carbon nanotubes less than 2.0 nm
in diameter.® Note that the critical angles in this study from
experimental observations are much larger than those in the
MD simulations and that reported by Tijima et al.® The reason
for the difference may be due to the larger length of the
experimental effective bending region corresponding to the
manipulation process here, which resulted in larger bending
angles for the same curvature. For the carbon nanotubes
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