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Defects and external field effects on the electronic properties of a carbon nanotube torus
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Electronic properties of toroidal carbon nanotubes are studied adopting asibgled tight binding Hamil-
tonian and following real-space renormalization techniques within the Green function formalism. The analysis
is restricted to the achiral torus and the dependence of the toroidal energy spectra on its radius and thickness
(tube radiug is inferred from the local density of states. The possibility of a metal-insulating transition
occurrence in infinite single tubes and toroidal is investigated as functions of magnetic and electric fields
applied in distinct configurations. As expected, periodical Aharonov-Bohm oscillations in the local density of
states at the Fermi level of the nanostructures are found as a result of the annular symmetry. When substitu-
tional impurities are taken into account such an oscillatory behavior is found to be preserved. Effects of
vacancy defects on the electronic properties are also discussed.
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I. INTRODUCTION their corresponding electronic propertisgmiconducting or
metallic. Additionally, we also discuss the effects of defects

Transmission electron microscopy dataported recently such as vacancies and impurities on the electronic properties,
suggest an experimental evidence of a peculiar circular formodeled here via a quite simple approximation. Our general
mation of carbon nanotubd€$N's) called toroidal carbon model calculation, entirely defined on a real-space Hamil-
nanotubesTCN'’s). Metal catalytic particles are supposed to tonian, has been shown to be very appropriate for the de-
act as a kind of plug, linking both edges of the structurescription of nanotube heterojunctiofs, multiwalled
during the growing process. Perfect carbon coils, stabilize@ystems: and quantum dot structures based on RS
only by van der Waals forces were reported by Maetehl? The presence of a homogeneous magnetic field threading
A torus obtained by bending around a single nanotube anghe annular system is described within the Peierls-phase
connecting its two ends, forming a so called toroidalgpproximatiorf'* The effects of an electric field, also ap-

) . . 4
polyhex' was theoretically considered by Meumiet al. plied perpendicularly to the torus plane, on the electronic

They have found that the minimum torus radius allowed by, qherties is analyzed within the same picture and we discuss
elasticity conditions is of the order of 1500 A, which agrees

; . ! the possibilities of the survival of the AB oscillations. We
with the value found experimentally. Toroidal nanostructures .iave that a better understanding of the physics of TCN's,

made of a single carbon nanotube may be described as lo en within such a simple picture as the one adopted here,

rolled graphite sheets bent around in the form of tori, satiséhould helb us to bropose their utilization in real nanode-
fying simultaneously transversal and longitudinal periodical”. P 0 propose
boundary conditions. vices. The experimental evidence reported recently of nano-

Due to the particular geometries and sizes of CN's and’unctions formation® after high electric fields applications

TCN’s, the study of fundamental phenomena in quantunf” multiwalled nan(_)tube arrays is just one of the numerous
physics such as the Aharonov-Boli#B) effect is a natural e_xamples of experimental realizations based on these par-
task. Magnetoconductance measurements on CN’s, considdicular carbon tubes.

ing magnetic field applied in the axial directiofi, have

clearly indicated the presence of well-known periodic AB

oscillations. Electronic properties of CN’s were investigated Il. LOCAL ELECTRONIC PROPERTIES

theoretically considering magnetic-field configurations paral- . . , ,
lel and perpendicular to the nanotube aXisin toroidal The studied achiral TCN's are defined asr(,N,0) for

nanotubes, the AB pattern is expected for a magnetic fiel§”/2) and @,0N,N) for (Z/A), following the standard no-
threading the torus plane and has been discussed Hgtion of the a CN chiral vectd®=(n,m); n, m, andN being
Haddon? It is hence of interest to perform a Comparative integer numbers. The energy diSperSion relation of a toroidal
study between the effects of magnetic fields applied througtructure is easily obtained from the tight-binding graphene
these more intricated nanostructured systéR@N'’s) and on  relation by imposing periodic boundary conditions, leading
perfect infinite CN’s. to the quantization rules for bothcomponentg5-18

For the sake of simplicity we restrict our analysis to  Rather than using thiespace picture, we treat the Hamil-
zigzag/armchair Z/A) and armchair/zigzag A/Z) torus. tonian of the TCN entirely in real space and consider a loop
Here we present a detailed theoretical study of the correlasf connected rings described within a singteband tight-
tion between geometric aspects of the toroidal systems arlginding approximation. One should remark that the adopted
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single-orbital tight-binding treatment restrict our results to an
energy range close to the Fermi level. The torus radius de- i (5,5,800,0)
pends on the number of rings used to close the system as
follows. For an A/Z torus it is equal toR=aN/(2),
whereas for thez/A configurationR=a+3N/4s, N being

the number of rings ane the graphene lattice parameter
(2.46 A). One should notice that for a zigzéarmchaiy CN
configuration (,0) [(n,n)], a ring comprises 2 (4n) car-

bon atoms disposed in two atomic sublayers along the cir-
cumferential tube direction. By adopting an iterative process
one is able to solve a set of coupled matricial Dyson equa-
tions for the local Green functions and then define a genera-
tion rule for the TCN in which the undressed locatdrag-

onal Green functionand hopping matrices suffer a sequence -
of renormalization steps whose number of iterations defines
the torus radii. The energy spectra is then obtained from the
energy position of the peaks of the local electronic density of
states(LDOS). The LDOS of a TCN composed gfrings
may be obtained directly from the imaginary part of the cor-
responding renormalized diagonal Green functidit®as

(5,5,600,0)

LDOS (arb. units)

-0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.08

_ 1 ~ energy (1,)
pb(@) =~ ——Img {t[G} ()]} 1) i
™ FIG. 1. Local density of states as a function of energy for
n’ being the number of carbon atoms in a single ring. (5,5,800,0) and (5,5,600,0) TCN's. Energies are written in terms of
For aZ/A torus configuration, we have the hopping integral between nearest neighbers:eV.
Ghdw)=[1-9'(V,+V3)g*i(V,+Vh)1 g, (2 Results for the density of states of armchair/zigzag TCN’s

(5,5N,0) are shown in Fig. 1 for two values bf Within the
with gl(w), 9*1(w), V3!, and V3! being dressed Green adopted one-band scheme the energies are usually written in
functions and hopping matrices which may be written interms of the hopping elemeNt, .= y, which is of the order
terms of the corresponding quantities associated with a torusf 3 eV!4 Both the LDOS'’s exhibit a sequence of discrete
composed of —2 rings as electronic state$ reflecting the intrinsic finite size of the
L o . closed loop. One may also notice that the number of rings
gi=[1-AL AV, Zg*1 2y, Al 2, g5 "3V, 27 1AL 2 (N) dictates the existence of a state at the Fermi le@g! (
3 =0). For our calculations we call a system a metal if it has
an occupied state at the Fermi level. In that sense, for a
g I=[1-9oV,AL 2V,] 1go, (4)  metallic armchair CN closed in a torus with a number of
rings that is a multiple of 3metallic zigzag configuration in
and the transverse torus directippne may have a metalliclike
- o TCN. This is quite an interesting result related to the particu-
V3! :Vgrzé*'szlA'fZVz, lar correspondence between topology and electronic proper-
ties of infinite tube¥?° and which are also reflected in the
VL=V,Al "3V, g*1-2v3 -2, (5)  annular structure discussed in the present work. The quanti-
zation rules forA/Z TCN’s, leads to sampling of the trans-
where lational wave vector component in units ofrha. As the
~ o - band structures of armchair tubes exhibit two bands crossing
A3=[1-9g"V3"g*"V3]~'g", the Fermi energy ak=2/3a, one clearly concludes that
only for N a multiple of 3 is it possible to obtain an eigen-
=[1-9,V19*"V;]1 %9o, (6)  state at the Fermi level. Similar results were also obtained for
5 5 finite armchair nanotub®sin a detailed investigation of the
whereV; andV, are the undressed hopping matrices used inransmission through finite parts of CN'’s, using tight binding
a CN zigzag tight-binding description agg=1/(w—E;) is  Hamiltonians and adopting both single- and double-band
the undressed locatdt.Similar recursion equations may be models.
written for anA/Z TCN. One of the advantages of working  This kind of feature is also shown in Fig(&, where the
within such a real-space framework is that all the micro-explicitly dependence of the energy spectstates next to
scopic details of the nanostructure are naturally taken intthe Fermi level on the torus radiuggiven here byN) is
account. This allows one, in addition, to include differentdisplayed. For all considered/Z TCN'’s, a discrete state
types of defects. appears at the Fermi level providét=3m, as a reminis-
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3 0230 | FIG. 3. Energy spectra considering a substitutional impurity on
> = T a random site of ga) (8,0,200,200) TCN and &b) (5,5,100,0)
E torus. The right(left) set of levels corresponds to a donorlifae-
¢ O1}f ceptoy impurity whereas the central columns are the results for the
pure case.
local density of states exhibits a well-defined peak at and
opad, &, 8,1 10 near the Fermi levef?

100 200 300 400 500 600 700 800 900 1000 An example of the effects of a substitutional impurity on

radius (a(3)"*/4x) TCN energy spectra is displayed in Fig. 3 for (8,0,200,200)

FIG. 2. Dependence of the energy spectra on the torus radius foarnd (55,200,0) TCN’s. Similar to what occurs in traditional

(@ (5,5N.0) and(b) (8,0N,N) TCN's. The radiusR are written in semiconducting materials, acceptorlike or donorlike states

terms of the lattice parametar Up triangles denote energy spectra also aPpear next to the valence or Condu?t'on Pands’
with a vacancy for some radius values. respectively. As expected, the corresponding binding

energies depend on the rates between host and impurity
diagonal energies in the tight binding Hamiltonian. For
Both “disordered” A/Z and Z/A TCN's, one notices
again the split of the discrete levels into two new states. Of
urse, a detailed analysis of such impurity effects must

cence of the metallic character of the corresponding zigza
CN. Otherwise, for &/A structure with a semiconducting
zigzag configuratiorisee Fig. 2b)], the toroidal gap is es-
sentially given by the nanotube radius and does not deperfd®

on the torus radiusR). As expected, for increasirly val- 90 beyond the singler-band fight binding description
ues, spectra corresponding to perfect infinite CN’'s aréPresented. o _
achieved. For instance, the conductance of infinite CN's presenting

Also shown in Fig. 2 are the results corresponding to the/acancies or substitutional impurities was also calculated fol-
energy spectra of both types of TCN's in which a vacancy idowing the Landauer formalism. Our transport results indi-
created by just removing one atom at a randont$éthe  cated that the hydrogenic-impurity case is qualitatively well
structure. For both TCN'sA/Z andZ/A) the presence of a described within this simple theofyo be publishefl How-
vacancy clearly lifts the degeneracy of the states, splittingever, in the case of vacancies one must carefully incorporate
each one of the discrete states into two. For all valueld,of other o orbitals to correctly predict the energy positions at
a localized state appears at the Fermi level resembling thehich the conductance, due to backscattering mechanisms,
results obtained for a graphene sheet with vacancies whoseiffers a reduction predicted [ initio calculations™
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IIl. EXTERNAL FIELD EFFECTS (9,0,200,200)

0.4

ON THE ENERGY SPECTRA
A. Magnetic field

Different groups™® have studied before the main changes ’;0'3 I
produced in the electronic structure of infinite CNs due to the s | L
presence of a magnetic field. It was shown that the gap siz¢ g 5 &
of a CN may be periodically modulated by increasing the 5
magnetic flux threading the tube in the axial direction; the O JL
modulation period being determined by its electronic charac- 9 0.1
teristic at zero field. Here we discuss how external fields
modify the electronic properties of torus nanotubes and the
role played by the geometric details on the changes. 0.0

To include magnetic field effec{gpplied perpendicularly -0. 15

to the torus planewe adopt the Peierls approximatfo->
in which a phase is essentially added to the hopping integrals
of the tight binding Hamiltonian. Of course, the phase de-
pends on the spatial atomic configuration of the tubes anc —
also on the chosen potential-vector gauge. Within the effec- X
tive mass framework'"*%it was shown that the wave vector 234

o

c

@

k changes t&k+ ¢/R¢, in the presence of a magnetic field,
¢ being the magnetic flux enclosed by the torus, usually
written in terms of the flux quantum¢(;=hc/e). Based on
the Green function formalism we have obtained similar re-
sults for the dependence of the density of states and the ga  0.00
energies on the magnetic flux, as those previously reporter '
by Lin et al1”18
Results for the density of states of some TCN's as a func- o250}
tion of the energy and its dependence on the magnetic flus—y 3
are illustrated in Fig. 4. The discrete nature of the TCN
states, due to its finite size, is evident in Figa)din which 3
the LDOS is given by a sequence of well defined peaks, g ’
shifted in the presence of an axial magnetic field. The ex- & 0240
plicit dependence of the energy spectra on the magnetic flu
corresponding to the metallic (9,0,200,200) and a semicon-  ¢.235L
ducting (8,0,200,200) TCN structures is shown in Figb) 4 . . . . .
and 4c), respectively. The gap evolution of the metallic 0.0 0.5 1.0 1.5 2.0 2.5 3.0
(9,0,200,200) TCN under a magnetic filsee Fig. 4b)] is ¥,
essentially the same of the one corresponding to a metallic ¢ 4. (a) LDOS of a (9,0,200,200) TCN as a function of the
zigzag CN(9,0).° Otherwise, one may notice the quite weak energy for three values of the magnetic fi{ 0.5, and 0.y and
influence of the flux intensity on the first state above the gaRjependence of the energy spectra on the magnetic fluxtior
of the semiconducting/A TCN shown in Fig. 4c); as the  (9,0,200,200) andc) (8,0,200,200) TCN’s.
torus radius increases this magnetic field effect is evenly re-
duced. Contrarily, the higher states depend on the magnetthbem almost pinned at the previous energy position. These
flux. Actually, this particular energy spectrum exhibits quite results indicate that the oscillatory dependence of the energy
the same behavior as the one associated to a very narraspectra on the magnetic fllGAB) is preserved against the
semiconductor quantum rirf§?” The increasing number of lack of symmetry imposed by this kind of defect. Other de-
discrete states as the torus radius increases is shown in tfects such as the heptagon-pentagon péopological de-
spectra of Fig. &) and 8b), concerned wittA/Z TCN's as  fect) and quantum-dot formations along the annular structure
well as the changing from “metallic” to semiconducting fea- may also be considered.
tures depending on the (torus radiug and flux values®’ We have also investigated, the limitations of the assump-
The energy spectra pattern obtained for the case of #on of considering the vector potential at the toroid surface
(9,0,100,100) torus with a substitutional impurity as a func-constant and equal t¢/27R. For very thin TCN’s this is a
tion of the magnetic flux is shown in Fig. @p triangle$.  good approactiand used up to now in all calculationgo
Although being a small TCNR=45 A) the main qualitative take the nanotube thickness) into account one has to
results would not be quite different for experimenfargey  change it to¢/27R[1—r/Rsin(x/r)], x being the atomic
torus. The results for a pure TCN are also displaygulid  position along the nanotube circumferential direction. The
circles for comparison; the main difference being the split of analysis of the results for the energy changes of the first
each one of the latter discrete levels into two levels, one oétateg(in relation to the zero energyndicates, however, that

0.245
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FIG. 5. Energy spectra of (5/8,0) TCN’s as a function of the )
magnetic flux(@ N=140 and 141 and ifb) N=400 and 402. FIG. 6. Energy spectra for a (9,0,100,100) TCN as a function of

the magnetic fluxfull circles). Up triangles are the results for the

, L . same TCN with a substitutional impurity. The circles are shift in the
for TCN's composed of CN's with radii between 5 to 15 A, X axis in order to better display the differences between both cases.

the corrections are actually quite small and should be com-
pletely disregarded. Only for CN’s with larger diametés
which the rater/R is not too small should this magnetic as a function of the energy: the same sequence of one-
effect play a relevant role. One should notice that CN’s withdimensional “van Hove singularities” typical of the quasi-
larger radii than the usual ones are now available througlene-dimensional CN’s. One should remark that although we
new growth technique€ have extended our analysis to electric field energies up to
0.5y, (for the sake of illustration actually, a quite smaller
energy range can be experimentally proVesith variations
depending upon the nanotube diameters.

Changes in the electronic spectra of both CN's and TCN's The metal-insulator transition allowed by the application
are now considered due to the presence of uniform transversg an axial magnetic field depends now upon the electric-
electric fields which may be viewed, for instance, as beindield energy value. An electronic transitionlike diagram is
generated by two capacitor planes displayed on and up thehown in Fig. 8 for three semiconducting zigzag CN's, illus-
tubes. trating the possible combination of magnetic and electric

Within the adopted tight-binding approximation, the ef- fields to allow the metal-insulator transition. As expected, the

fects of an electric field applied perpendicularly to the axis ofangular coefficients of the lines behaveras, with r being
an infinite CN is included in the on-site energies of carbonthe nanotube radius. This coupled effect of both applied elec-
atoms in the Hamiltonian, following a linear interpolation for tric and magnetic fields may be used in some devices to
the potential energy difference along the nanotube diaﬁ?eterconveniently drive electronic transport.
(called in what follows the “effective electric field energy,”  Going to toroidal nanotubes, magnetic and electric fields
given in units ofyy). Of course, this may take into account are now considered in the direction perpendicular to the torus
the microscopic details of the spatial distribution of the car-plane, i.e., the applied fields are both parallel to the torus
bon atoms along the annular structures. axis. An expected result for that particular field configuration

The dependence of the LDOS at the Fermi level on theshould be the splitting of the original discrete staffes zero
electric field energy, for different values of magnetic flux electric field into double ones as a consequence of the de-
(applied in the axial tube directipris shown in Figs. @&  generacy lift of the nonequivalent carbon atoms of the unit
and 7b) for a (9,0) CN and in Fig. (¢) for a (10,0) tube. It cell. This effect and also the shift of the discrete stdtes
is interesting to notice that the main features exhibited in thénigher energies due to the electric fielte clearly shown in
set of figures are quite similar to the behavior of the LDOSFig. 9a) which illustrates the results for the LDOS of a

B. Electric field effects
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each one individually. Figure(B) displays the dependence
of the LDOS at the Fermi level for the same TCN, on the
effective electric-field energy for two magnetic flux intensi-

(9,0,200,200) TCN, considering a magnetic flux equal tofies, illustrating, once more, the complexity of the energy

0.5¢¢ and an effective electric field of 0y3.
The quite complex dependence on both fields requires a One should summarize saying that CN’'s and correlated

more detailed analysis to point out the correct role played bytructures (in particular the studied toroidal nanotubes
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exhibit a variety of electronic properties depending
upon their intrinsic geometric formation. Adding external
fields, one may intentionally modify these properties and
modulate their physical responses. Many of these physical
configuration possibilities are easily handed within the real-
space Hamiltonian and the renormalization techniques we
have used to describe the TCN’s in the present work. As they
are intrinsically quasi-one-dimensional structures the quan-
tum size manifestation appears naturally and one may, more-
over, deal with interesting problems related to quantum in-
terference phenomena. This is the case, for instance, of
nanotube rings with two or four metallic contacts which may
be idealized as composed of metallic nanotubes. Very re-
cently, a new type of transistor made of nanotube rings was
realized experimentalf showing the possibility of
nanometer-scale electronic circuits composed of nanotubes.

FIG. 8. Metal-insulator transition diagram as functions of the Investigation on physical transport properties of ringlike sys-

magnetic flux and the critical effective electric-field energyEat

=0, for zigzag CN’s of different radiir().

tems is a natural extension and we are working along these
lines.
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