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Subband mixing rules in circumferentially perturbed carbon nanotubes:
Effects of transverse electric fields

Yong-Hyun Kim and K. J. Chang
Department of Physics, Korea Advanced Institute of Science and Technology, Taejon 305-701, Korea
(Received 5 July 2001; published 14 September 2001

We analyze various potential environments such as electrodes, substrates, gate voltages, and flattening
deformations in single-wall C nanotubes in terms of circumferential perturbations on nanotube surfaces. Con-
sidering the periodicity of perturbations, we derive selection rules in the subband mixing caused by perturba-
tions. Uniform electric fields perpendicular to the tube axis induce band-gap modification such as opening and
closure. Thus, locally applied transverse fields cause significant backscattering of the states near the threshold
for transmission.
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In transport measurements, single-wall carbon nanotubesxp(27nx/L). Combined with the quantization rule fés,
are usually placed in various potential environments such aghe electronic structure of nanotubes with very large diam-
metal electrodes, liquid metal baths, oxide substrate, gateters, where the curvature effects are negligible, are easily
potentials, and flattening deformatioh$hese environments understood from the Hamiltonian for a graphite sHett.
give rise to extra potentials on the C atoms on the nanotubgibe diameters are small, the curvature effect can be included
surface, and thus influence the electronic and transport progy considering a perturbing potential on the nanotube sur-
erties of nanotubes. Multiwall nanotubes deposited oveface. Similarly, for other environments such as metal elec-
metal electrodes exhibit diffusive transpoftshile a ballis-  trodes, gate fields, and flattening deformations, we can also
tic transport appears to be the dominant conduction for thosgonsider their perturbing potentials along the circumference.
in liquid metal baths. Despite several theoretical attempts, |f a perturbing potentiaV(x) has a period oL, it can be
the puzzling observations of the two different conductionexpanded in a Fourier series,
mechanisms are not resolved yet. Moreover, to our knowl-
edge, the effect of gate voltages on the transport behavior has
never been studied, although understanding this effect is im- Vix)= >, ek
portant for device applications. Very recent calculations ky<FBZ

showed that flattening deformations induce the band'gaﬁ/heree’s are the reciprocal lattice vectors akgs are re-

modification such as opening and clostifeand demon- . : o o
strated that locally deformed nanotubes behave as quantu?rtlmted to the first Brillouin zon€BZ). Then, the mixing of

dots or wires. an unperturbed stafe) to the first order is expressed as

In this paper we investigate the effect of various environ-
ments such as flattening deformations, transverse electric , (n[V[n")
fields, and electrodes on the electronic and transport proper- |n)—>|n>+n§n n") €n—€n &)
ties of single-wall carbon nanotubes through first-principles
pseudopotential and tight-binding calculations. Using a perwhere €, denotes the eigenvalue ¢f). If the perturbing
turbative approach, we analyze the periodicity of externapotential has a Fourier componentlgf=2mm/L in Eq. (1),
potentials along the circumferential direction, and find thatthe matrix elements in Eq(2) are nonvanishing forAn
selection rules exist in subband mixings. For tt&,0 and (=n—n’)=m, from which selection rules are determined in
(40,0 tubes under electric fields perpendicular to the tubghe subband mixing for various perturbing potentials.
axis, both the tubes undergo a semiconductor-metal transi- If the inherent surface curvature of a nanotube is consid-
tion, while the band gap of th@0,0 nanotube with a larger ered as a perturbing potential, the subband mixing is only
diameter decreases more rapidly. On the other hand, in thallowed between two states withn=0, because of the ro-
metallic (18,0 tube, a gap is generated near the Fermi levelfational symmetries about the tube axis. In nanotubes, these
resulting in zero transmission. We investigate the effects ofwo states correspond to,) and|n ), which have the same
transverse electric fields on total transmission and find that but different energies. From the subband mixing rule, we
locally applied fields cause significant backscattering of thecan easily understand the so-called rehybridization between
incident channels going from field-free to field-exposed re-the o and = states due to the curvature effédn SWNT’s
gions, especially for large diameter tubes. with very small diameters, it is well known that tle -7*

A single-wall nanotubéSWNT) is constructed by wrap- hybridization occurs between two singlet states, which are
ping up a graphite sheet into a cylinder. Because of the pedenoted by |0,+) and |0,«), giving rise to metallic
riodicity along the circumferende, the wave vectok, along conduction®
the circumferential directior on the graphite sheet is quan-  For flattening deformatiorsjts perturbing potential has
tized by the rulek,=2mn/L, wheren is an integer. Then, the period ofL/2 along the circumferential directigsee Fig.
each subband is represented |oy with the Bloch phase 1(a)]. Thus, the subband mixing occurs between states with
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FIG. 1. (a) A cross-sectional view of a flattened zigzag tuli®.
Uniform electric fieldsE are applied for a zigzag tube placed be-
tween two parallel metal plates.

An=0 and*+2. ForAn=0, the subband mixing is similar to
that caused by the curvature effect, while fon==*2, ad-
ditional 7v-7 hybridizations occur between twe states such
as|0,) and|*=2_). This simple rule is consistent with the
results of previous first-principles calculations for flattened
nanotubes,which showed that flattening deformation even-
tually closes the band gap of zigzag nanotubes. This gap
closure is attributed to the fact that the singlet s{&g:)
strongly mixed with thg =2 _«) states decreases under flat-
tening deformation, with the electron charge densities local-
ized in the curved regions. In flattened nanotubes,rtke

+1 states are also hybridized by flattening deformatice, ] o
sulting in the mixed state dfil ) and|—1,.), while these FIG. 2. Tight-binding b_an_d structures of tiE7,0 SWNT under
states are degenerate in perfect tubes. We point out that in tfygrious trgnsyerse electric fields. The |.nset sh.ows. the zone bound-
mixing of|0,,) and|i27), the energy difference in E(Q) is aries (§0I|d Ilnz_es) near the symmetrick _p0|nt in the two-
much smaller, as compared to tier hybridization induced dlme_nsu_)nal Brillouin zone of the graphite sheet, the allowed
by the selection rule oAn=0. Thus, the band-gap modifi- k-point lines =3-8), and the anglés,; between two wave vec-
cation by flattening deformation is appreciable even in th tors indicating the Bloch stat¢§) and|6). The subbands are num-

. . . ered byn on the allowedk-point lines. Open circles in the upper-
metalllf: (,18’@ na_notube, while the |nhergnt Curvatgre effect right panel indicate the energy splittings of the crossed bands due to
is negligible for zigzag I{,0) nanotubes with large diameters

electric fields.
(N>9).

When nanotubes are placed on a SgDbstrate, they ex- broadened. A similar splitting is also found for the crossed
perience perturbing potentials by gate voltages applied to thg/) and|8) states. As the field strength increases, the energy
substrate. Then, we can simply assume that the perturbirgplitting and broadening become more significant.
potential is represented by uniform transverse electric fields, In addition, we find that the band-edge states, which cor-
as shown in Fig. (b). Considering the periotl of the per- respond to|6,) and |6.) in the valence and conduction
turbing potential along the circumference, we find that thebands, respectively, move away from thepoint, as shown
matrix elements in Eq(2) are nonzero fodn=0 and*=1. in Fig. 2. These band-edge states are found to be eventually
To see the effect of transverse electric fields on the bandrossed with each other, resulting in a semiconductor-metal
structure, we perform first-principles pseudopotential calcuiransition. The movement of the band edge states can be
lations. Here norm-conserving pseudopotentials are genewnderstood by the relatiomn|V|n")~V(n—n")cos,/2)
ated by the scheme of Troullier and Martitsand the in the k-p approximation:*** where 6, , is the angle be-
Ceperley-Alder exchange and correlation potettisd used  tween two wave vectors to be mixed, as indicated in Fig. 2.
within the local-density-functional approximatiofLDA). In the (17,0 tube, sincefs¢ is 180° at thel’ point, the
We also perform tight-bindingTB) calculations with the mixing betweeri5) and|6) is prohibited. Thus, th&,) and
Slater-Koster-type nonorthogonal baslsFor a uniform |6.) states are almost unaffected by electric fields atlthe
electric field E along they axis perpendicular to the tube point. However, away from th& point, sincefsg is less
axis, we add a perturbing potentil= —eEy to the onsite than 180°, thé¢6,) and|6.) states can be mixed with thg)
energies of carbon atoms in TB calculations, while in LDA state, moving into and eventually closing the original band
calculations we use a sawtooth-type local potential for a sugap. We find that the hybridized singlet state, i.e., a mixed
percell geometry. Figure 2 shows the calculated TB bandtate of|0) and|1), decreases with increasing of the field
structuregfor simplicity, | = n) states are denoted by)) of  strength, and moves into the original gap region Eat
the (17,0 zigzag tube under uniform electric fields. Because=0.21 V/A . This behavior is very similar to the energy
of the denominator in Eq2), crossed or almost degenerate lowering of the hybridized singlet state found in zigzag
bands are strongly affected by electric fields. In fact, we findSWNT's with small diametefd and in flattened zigzag
that the crossefb) and|7) states are split under a very small tubes> which closes the original band gap. Testing various
field of E=0.03 V/A in both the valence and conduction zigzag tubes, we note that the hybridized singlet state moves
bands, and the almost degenerd®d |1), and|2) states are into the original band gap forN<17, inducing the
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. FIG. 5. Backscattering rates are drawn for variobdisO) nano-
FIG. 3. The LDA and TB band gaps are plotted as a function ofyhes. Filled squares and triangles denote semiconducting tubes,

field strength for the17,0 and (40,0 tubes. while empty triangles denote metallic tubes.

semiconductor-metal transition before the band gap is af- Next, we examine the transport properties of metallic
fected by the movement of the band edges. For (&0 nanotubes under local transverse electric fields. We consider
and (40,0 semiconducting SWNT’s with diameters of 1.4 the (18,0 SWNT placed between two parallel metal plates
and 3.2 nm, respectively, the band gaps are plotted as a funtse€ Fig. 48], where the curvature effect is much smaller
tion of field strength in Fig. 3. LDA and TB calculations give than the perturba_tlon due to eIecFrl_c fields. For energies near
quite similar results. As the field strength increases, both th1e Fermi level, since subband mixings occur between neigh-
(17,0 and (40,0 tubes exhibit the semiconductor-metal tran- POring 7 states, we employ the-orbital approximation. As-
sition. Since the energy differences between neighboringUMing ;hat electric fields are uniform between the metal
subbands are smaller for nanotubes with larger diameters, tates with the length of 160 A but decay gradually to zero
electronic structure of thé40,0 tube is more sensitive to Outside the plates, as shown in Figby we calculate the
external perturbations. For the(40,0 tube, the total transmission through 1t7he nanotube with use of the
semiconductor-metal transition occurs at a lower electricreen’s function approacti:*’ The calculated band struc-

field of E=0.05 V/IA whereaE=0.21 V/A for the(17,0 tures and total transmissions are drawn in Fig).4Ve find
tube. ’ that electric fields create a gap of 0.03 eVEat0.1 V/A

which gives rise to a transmission barrier. As the field
strength increases, this gap is enlarged up to 0.06 eV, result-
— ing in zero transmission. Based on our results, we propose
[ E— : that this nanotube device may act as a quantum switch for
transverse electric fields &=0.1-0.2 V/A . Here we point
(b) E(r) 160 A out that for metallic zigzag tubes with larger diameters such
as(39,0 and(60,0 tubes, small gaps are closed again by the
movement of subbands in the gap region, as addressed for
0.10V/A  013V/A  0.18V/A the (40,0 tube.
RSN T [ Finally, we discuss the effect of layout geometries on the
; _ B ; subband mixing in conductance measurements of multiwall
I O N O Y AR I O I nanotubes. In usual back-gated geometries with side
i ] E A ] contacts’ where diffusive transports were reported, the ma-
trix elements in Eq(2) are nonzero foAn= *1, similar to
the uniform field case. On the other hand, multiwall nano-
tubes in liquid metal contacts, which showed ballistic trans-
ports, satisfy the selection rule d&n=0, because of the
rotational symmetries about the tube axis. In this case, the
electronic structures of the outermost shells are expected to
be robust to liquid metal contacts because the energy differ-
ence between thin,) and|n,) states is very large. Thus,
Total transmission liquid metal contacts may not affect the quantum coherent

FIG. 4. (a) A schematic view of a nanotube device, where trans_transport. In the Cgse Of, side contacts, small energy differ-
verse electric fields are applied locally for tHE8,0 nanotube be- ©€NCeS between neighboring bands lead to severe subband
tween two parallel metal plates. Here L and R denote the left andMiXings that may give rise to scattering centers for electron
right leads, respectivelyb) The electric fields are uniform inside Cconduction. For variousN,0) nanotubes, we examine the
the metal plates with the length of 160 A, while they decay gradubackscattering rate of incident channels at the boundary be-
ally to zero outside the plate&) Total transmissiongsolid liney ~ tween field-free and field-exposed regions; the electric field
through the nanotube device as a function of energy, with the Ferris assumed to be supplied by side contacts as discussed be-
level referenced to zero. Dotted lines denote the band structures dore. To exclude possible short-range scatteriigsge in-
the (18,0 tube near the Fermi level for various field strengths.  clude a buffer region of about 20 A at the boundary, where
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(c) E=0V/A
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the electric field increases gradually from zero. For electriqd N>120) electrons will be easily scattered by the fluctuation
fields of E=0.013 and 0.026 V/A, the calculated backscatter-of electric fields.

ing rates are plotted in Fig. 5; the backscattering rate is esti- In conclusion, we have studied in a perturbative way the
mated by averaging the total transmissions over the energgffect of various potential environments on the electronic
range of 0.04 eV from the valence band edge, where onlgtructure of SWNT's, and find selection rules in the subband
two channels exist. In semiconducting tubes wiks28,  Mixing caused by perturbed potentials. When single-wall
backscattering rates are found to be very low f&r nanotubes are placed on a substrate, applied gate voltages

=0.026 V/A , while they increase te-25% for nanotubes affect the band structure by producing transverse electric
with larger diameters. For smaller electric fields Bf fields; semiconducting tubes undergo a semiconductor-metal

~0.013 V/A, we find appreciable backscattering rates ir1tran5|t|0n as the field strength increases, while band gaps are

semiconducting tubes wibl=50. In metalic wbes, the 9STETLEC ) talc e e suogeet et e fuctiaton
backscattering rate depends on the existence of the band gap; ) 9

. . : ant backscattering of the states near the threshold for
as the diameter increases, .83 69, the band gaps devel- fransmission
oped by electric fields are closed again, resulting in very low '
backscattering rates. On basis of our results, we suggest that This work is supported by the QSRC at Dongguk
in the outermost shells with diameters of 10-20 nmUniversity.
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