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Atomic restructuring and localized electron states in a bent carbon nanotube:
A first-principles study
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We apply first-principles calculations to study structural and electronic properties of a semiconductor carbon
nanotube bent to a large angle. The geometry optimization results in fourfold carbon rings at the bend region.
These fourfold rings, seldomly seen in carbon structures, result from the collapse of carbon hexagons at the
most stressed region of the bend. Part of the atoms at the fourfold rings are also fourfold coordinated, which
indicates a strongp® character. Localized electron states are found at the bend region, making the bent tube
behave as a quantum dot. This bending-induced quantum dot can be charged with one electron or one hole at
most.

Since carbon nanotubes were first synthesized in $1991geometries were optimized, aiming at a convergence of the
they have attracted an increasing interest due to their ele@tomic positiongshown in Fig. 2 within 0.09 A and a con-
tronic and mechanical properties. Concerning the mechanicalergence of the density of statéshown in Fig. 4 within
properties, theoretical and experimental redtftpredict a  0.05 eV. With the methodology described, the calculated ge-
high Young modulus for carbon nanotubes, comparable to opmetries of the g molecule and of the bulk graphite agree
greater than that of diamond. In contrast, carbon nanotubesith experimental results within 5%.
are very flexible: high-resolution electron microscope experi- In our calculations, we consider a zigzél,0 nanotube
ments, together with empirical-potential modeling, have8 A in diameter, a semiconductor in the limit of infinite
shown that carbon nanotubes are extremely flexible, and cdength, bent to a large angle. The choice of this tube is jus-
be bent at large angles without fractuPedther experimental tified by the fact that a bent single-wall nanotulS&VNT) of
results also show the bending of nanotubes, either as a restitis diameter was already observed by lijieizal® The bent
of their embedment within a polymeric fifhor as a result of angle used (92°) is also consistent with the experimental
lateral stresses applied by the tip of an atomic forceobservations. We simulate the bent nanotube by a zigzag-
microscop€. So far, theoretical investigations on structural shaped large unit cell of 400 carbon atoms with periodic
properties of bent carbon nanotubes have been limited tboundary conditions. We antecipated that, as a result of the
empirical-potential modeling. These investigatbh$show  geometry relaxation, the nanotube would flatten near the bent
the existence of a critical andfebeyond which a kink is  region. Based on this consideration, we adopted the initial
formed at the central region of the bend. geometry shown in Fig. 1 as the starting point of the

In the present work we apply first-principles calculationscalculation?*
to the study of structural and electronic properties of a semi- The final result after the geometry optimization is shown
conductor carbon nanotube bent to a large angle. In contrast Fig 2. The cross section of the tube is increasingly flat-
to previous empirical potential results, we find the formationtened as one approaches the region of the largest curvature.
of fourfold carbon rings at the bend region. These fourfoldAt this point, a kink is formed. The kink is very sharp and
rings, unusual for carbon structures, result from the collapsécalized within a length of about 4 &:2° This is consis-
of carbon hexagons at the most stressed region of the benté&nt with the experimental results of Ref. 10. In contrast,
Part of the atoms at the fourfold rings are also fourfold co-force-field-based optimizations predict a smoother and less
ordinated, which indicates a strosg® character. Concern- localized kink regior’. The degree of flatness at the kink
ing the electronic properties, we find that they are stronglypredicted by our calculations is such that it acquires the ap-
affected by the bending of the tube. Indeed, discrete statgzearance of a bilayerlike structure with an interlayer distance
predominantly localized at the bend region are found in theof 3.2 A. This structural change, as we shall show, strongly
energy gap range, making the bent tube behave as a quantuaffects the local electronic structure of the tube.
dot!! We also find that the bending-induced quantum dot Our first-principles geometry optimization also shows the
can be charged with one electron or one hole at most, anexistence of carbon atoms arranged in fourfold rings at the
can only exist in three charge states. most strained region of the kink, as seen in Fig. 2. Unlike

Our calculations were performed with theiesta  fivefold and sevenfold ring&,~3!fourfold rings are seldomly
progrant?>~* using the density-functional theoty,within ~ seen in carbon structures, and do not occur in carbon
the generalized gradient approximation for fullerenes due to their high energy cd%in contrast to bo-
exchange-correlatiot, and norm-conserving ron nitride fullerenes, where fourfold rings are expected to
pseudopotentials*® This methodology was previously ap- occur®??° The fourfold rings of the bent nanotube originate
plied to the study of structural and electronic properties offrom the collapse of graphitelike hexagonal rings. Some of
nanotubes and fullerené$?’ The basis set is a linear com- the carbon atoms at the fourfold rings are also fourfold co-
bination of pseudoatomic orbitals of finite ranfgé?All the  ordinated, which indicates the existence of a strepgchar-
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FIG. 1. Structure of the unit cell used as the starting point of the
calculation. It consists of a zigz&d0,0 carbon nanotube 8 A in
diameter, bent to an angle of 92°. The unit cell is composed of 400
atoms, and periodic boundary conditions are used in the calcula-
tions. The cross section of the bent nanotube is increasingly oval in
the direction of the top of the bend.

acter. The atomic neighborhood where the fourfold rings are FG. 3. Zoom of the four-membered rings at the kink region,

present is emphasized in Fig. 3. The geometry shown in thighowing th_e fourfold-coordinate car_bon gtomf. The angle between

figure resembles the faces of thgHG cubane, an unusual 1€ tWo adjacent four-memebered rings is 95°.

molecule in which the carbon atoms are arranged in a simple

cubic structurg®34 formed semiconductor tube. Our results also show that the
The strong deformations of the bent tube shown in Fig. 2one-electron eigenvalues are nearly degenerate at the Fermi

are found to significantly affect the electronic structure neatevel. The energy difference between the lowest unnoccupied

the bend region. To investigate that, we calculated the locadnd the highest occupied molecular orbitélke highest-

density of statesLDOS) in distinct parts of the bent tube. occupied—lowest-unoccupied molecular-orbitd HOMO-

We consider two regions, indicated by labels in Fig. 2: re-LUMO) gap| is found to be 0.04 eV. This is to be compared

gion 1, bulklike, is the farthest from the kink, and region 2 isto the original value of 0.9 eV for the infinite, undeformed

at the kink. The LDOS is averaged over 60 atoms present in

each region. The results are shown in Fig. 4. The reference = .

energy is the Fermi level of the deformed tube, and the edges i

of the valence and conduction bands of the undeformed tube i

are indicated as dashed lines. The figure shows the existence

of gap states induced by the bending. The local density of :

region 2

these gap states increases progressively in the direction of
the kink. In addition, resonant peaks of increasing amplitude
appear in the conduction and valence bands of the tube, dis-
tant about 0.7 eV from the Fermi level. Similar resonances L
have been observed in extendedckiel calculation$® of

bent metallic nanotubes.

Figure 4 clearly shows that the gap states are predomi-
nantly localized at the kinkregion 2. The localization of the
gap states is consistent with the fact that the bend region can
be considered as a localized defect of the infinite, unde-

region 1
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FIG. 4. Local density of stated. DOS) for the two distinct
regions of the bent nanotube: region 1, bulklike, is the farthest from
the kink; and region 2 corresponds to the kifgee Fig. 2 The

FIG. 2. Structure of the bent nanotube after the geometry optidashed lines indicate the edges of the valence and conduction bands
mization. A sharp and localized kink is formed at the region whereof the undeformed nanotube. The gap states are predominantly lo-
the curvature is larger. Fourfold-coordinate carbon atoms can bealized at the kink region. The energy reference is the Fermi level
viewed at the kink. The labels refer to the regions in which the localof the bent nanotube, and the LDOS is averaged over the 60 atoms
density of states is calculated. present in each region.
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tube. To investigate the effect of the periodic boundary con€harge states of the bent tube. We calculated these transition
ditions on the above results, calculations were also perenergies as follow&>*’ First, we calculated the formation
formed for a structure composed of a single kink formed byenergiesE(q) of the bent tube in several charge statgg

half of the periodic structure shown in Fig. 2. This single- =+2,+1,0,—1,—2) as functions of the electronic chemical
kink structure is composed of 200 carbon atoms with 20potential u, E(q)=E(q)+qu . In the previous equation,
hydrogen atoms saturating the dangling bonds at the tubl:(d) is the total energy of the bent tube with net chagge
ends. The LDOS calculated for this kink is very similar to calculated with a hydrogen-terminated finite-size cluster of
the one shown in region 2 of Fig. 4. Also, the HOMO- 200 carbon atoms and 20 hydrogen atoms. The geometry of
LUMO difference in this structure is 0.02 eV, showing that the ca}rbon atoms corresponds to half of the unit cell of Fig.
the small gap at the Fermi level observed in the periodic® (@ Single bent The actual charge statfor a given value
structure is not caused by interactions between the two be/f # 1S the one that gives the smallés{q). The transition
regions. energies correspond to the values @fwhere g changes.

To further investigate the electronic structure of the bentVith the procedure described above, we obtain the0)
tube, we performed a charge-density analysis of HBMO e_md (0F) transitions located at 0.26 and 0.54 eV, respec-
and LUMO) wave functionsy;, and ¢, , by calculating the t|vely_, _abov_e the top of the valencg band. These are the only
Mulliken chargesy” andq' at all carbon sites. The Mul- transitions in the band gap. That is, the bent tube quantum
hen chrge of  vve fncton at el s defned as, S0 01 o 1 e chage sales 0 Ll

a a 1 a a a y y -
c_zt<hwt|)2agi(s|(bf:ﬁfc(ﬁio'nt;txs]iﬁal (@v?éh(b'ih'i)sll@éfivr\]/ir:iirr?, :;‘ clsntkt])ee tum dots with charge state transitions separated in energy by

associated with the projected normfat sitei. Our results tenths of an eV are promising building blocks for room-

. temperature nanoelectronics.

H L

s_how thatQi andg arg smaIIeLr than 0.06 at any site. The conclusion, our first-principles calculations show that a
sites with the largest;;" and g

d gi- are carbon atoms at the hent carhon nanotube presents a considerable restructuring of
central part of the bend region, distant from the carbon atomge carbon bonds at the bend region. The restructuring is
at the fourfold rings. In this wayyy and ¢, are not local-  ¢jearly manifested by the formation of fourfold carbon rings.
ized at the fourfold rings, but rather at the outer side @ad  Thege fourfold rings, unusual for carbon structures, result
a less extentat the inner side of the bend. If we use the fom the collapse of carbon hexagons at the highest stressed
probability densities ofiy, andy, as measures of the chemi- (gqion of the bend. Part of the atoms at the fourfold rings are
cal reactivity, the above results would indicate that the outepsq fourfold coordinated, which indicates the existence of a
part of the bend would be the most susceptible to chemicalyongsp3 character. Concerning the electronic properties,
attack. This suggests that bending a carbon nanotube migfjje fing that they are strongly affected by the bending of the
stimulate chemical reactions at specific sites of the tube wall,pe Indeed. discrete and localized states are found in the
provi(_:iing selective sites _for attaching. almolecglar radipal Olhend region, making a semiconductor bent tube behave like a
opening small holes, for instance. This is consistent with th‘ﬁuantum dot. We also find that this bending-induced quan-
prediction by DekkeP that nanotube chemistry will be par- y;m dot can be charged with one electron or one hole at
ticularly interesting at tube ends and also near buckles. ot and thus occuring only in three charge states. The cor-
The density of state¢DOS) shown in Fig. 4 is con- yegponding charge-state transitions are separated in energy
structed with the one-electron eigenvalues of the neutral SY$y 0.28 eV, and therefore the quantum dot would have a

tem. However, if measurements on the bent tube are pe(ye||-defined charge state at room temperature. This means
formed with a scanning tunneling microscof®TM) or @  hat it could be considered, in principle, as a building block
similar technique, electrons will be transferred from or ontos,, room-temperature nanoelectronic devices.

the tube. If the localized electronic states in the bend region

are weakly coupled to the surface states of the substrate, the We acknowledge support from the Brazilian agencies
STM will not directly probe the DOS of Fig. 4. Instead, the CNPq, FAPEMIG, CAPES, and PRONEX-MCT. We also
STM will probe the transition energies between differentthank R. W. Nunes for a critical reading of the manuscript.
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