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Subband mixing rules in circumferentially perturbed carbon nanotubes:
Effects of transverse electric fields
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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 nanotu
are usually placed in various potential environments such
metal electrodes, liquid metal baths, oxide substrate, g
potentials, and flattening deformations.1 These environments
give rise to extra potentials on the C atoms on the nanot
surface, and thus influence the electronic and transport p
erties of nanotubes. Multiwall nanotubes deposited o
metal electrodes exhibit diffusive transports,2 while a ballis-
tic transport appears to be the dominant conduction for th
in liquid metal baths.3 Despite several theoretical attempts4

the puzzling observations of the two different conducti
mechanisms are not resolved yet. Moreover, to our kno
edge, the effect of gate voltages on the transport behavior
never been studied, although understanding this effect is
portant for device applications. Very recent calculatio
showed that flattening deformations induce the band-
modification such as opening and closure,5,6 and demon-
strated that locally deformed nanotubes behave as quan
dots or wires.7

In this paper we investigate the effect of various enviro
ments such as flattening deformations, transverse ele
fields, and electrodes on the electronic and transport pro
ties of single-wall carbon nanotubes through first-princip
pseudopotential and tight-binding calculations. Using a p
turbative approach, we analyze the periodicity of exter
potentials along the circumferential direction, and find th
selection rules exist in subband mixings. For the~17,0! and
~40,0! tubes under electric fields perpendicular to the tu
axis, both the tubes undergo a semiconductor-metal tra
tion, while the band gap of the~40,0! nanotube with a large
diameter decreases more rapidly. On the other hand, in
metallic ~18,0! tube, a gap is generated near the Fermi lev
resulting in zero transmission. We investigate the effects
transverse electric fields on total transmission and find
locally applied fields cause significant backscattering of
incident channels going from field-free to field-exposed
gions, especially for large diameter tubes.

A single-wall nanotube~SWNT! is constructed by wrap
ping up a graphite sheet into a cylinder. Because of the
riodicity along the circumferenceL, the wave vectorkx along
the circumferential directionx on the graphite sheet is quan
tized by the rulekx52pn/L, wheren is an integer. Then
each subband is represented byun& with the Bloch phase
0163-1829/2001/64~15!/153404~4!/$20.00 64 1534
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exp(i2pnx/L). Combined with the quantization rule forkx ,
the electronic structure of nanotubes with very large dia
eters, where the curvature effects are negligible, are ea
understood from the Hamiltonian for a graphite sheet.8 If
tube diameters are small, the curvature effect can be inclu
by considering a perturbing potential on the nanotube s
face. Similarly, for other environments such as metal el
trodes, gate fields, and flattening deformations, we can
consider their perturbing potentials along the circumferen
If a perturbing potentialV(x) has a period ofL, it can be
expanded in a Fourier series,

V~x!5 (
kx<FBZ

eikxxF(
G

V~kx1G!eiGxG , ~1!

whereG’s are the reciprocal lattice vectors andkx’s are re-
stricted to the first Brillouin zone~FBZ!. Then, the mixing of
an unperturbed stateun& to the first order is expressed as

un&→un&1 (
n8Þn

un8&
^nuVun8&
en2en8

, ~2!

where en denotes the eigenvalue ofun&. If the perturbing
potential has a Fourier component ofkx52pm/L in Eq. ~1!,
the matrix elements in Eq.~2! are nonvanishing forDn
(5n2n8)5m, from which selection rules are determined
the subband mixing for various perturbing potentials.

If the inherent surface curvature of a nanotube is cons
ered as a perturbing potential, the subband mixing is o
allowed between two states withDn50, because of the ro
tational symmetries about the tube axis. In nanotubes, th
two states correspond touns& andunp&, which have the same
n but different energies. From the subband mixing rule,
can easily understand the so-called rehybridization betw
the s andp states due to the curvature effect.9 In SWNT’s
with very small diameters, it is well known that thes* -p*
hybridization occurs between two singlet states, which
denoted by u0s* & and u0p* &, giving rise to metallic
conduction.10

For flattening deformations,5 its perturbing potential has
the period ofL/2 along the circumferential direction@see Fig.
1~a!#. Thus, the subband mixing occurs between states w
©2001 The American Physical Society04-1
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Dn50 and62. ForDn50, the subband mixing is similar to
that caused by the curvature effect, while forDn562, ad-
ditional p-p hybridizations occur between twop states such
as u0p& and u62p&. This simple rule is consistent with th
results of previous first-principles calculations for flatten
nanotubes,5 which showed that flattening deformation eve
tually closes the band gap of zigzag nanotubes. This
closure is attributed to the fact that the singlet stateu0p* &
strongly mixed with theu62p* & states decreases under fla
tening deformation, with the electron charge densities loc
ized in the curved regions. In flattened nanotubes, then5
61 states are also hybridized by flattening deformation,6 re-
sulting in the mixed state ofu1p* & and u21p* &, while these
states are degenerate in perfect tubes. We point out that i
mixing of u0p& andu62p&, the energy difference in Eq.~2! is
much smaller, as compared to thes-p hybridization induced
by the selection rule ofDn50. Thus, the band-gap modifi
cation by flattening deformation is appreciable even in
metallic ~18,0! nanotube, while the inherent curvature effe
is negligible for zigzag (N,0) nanotubes with large diamete
(N.9).

When nanotubes are placed on a SiO2 substrate, they ex
perience perturbing potentials by gate voltages applied to
substrate. Then, we can simply assume that the pertur
potential is represented by uniform transverse electric fie
as shown in Fig. 1~b!. Considering the periodL of the per-
turbing potential along the circumference, we find that
matrix elements in Eq.~2! are nonzero forDn50 and61.
To see the effect of transverse electric fields on the b
structure, we perform first-principles pseudopotential cal
lations. Here norm-conserving pseudopotentials are ge
ated by the scheme of Troullier and Martins,11 and the
Ceperley-Alder exchange and correlation potential12 is used
within the local-density-functional approximation~LDA !.
We also perform tight-binding~TB! calculations with the
Slater-Koster-type nonorthogonal basis.13 For a uniform
electric field E along they axis perpendicular to the tub
axis, we add a perturbing potentialV52eEy to the onsite
energies of carbon atoms in TB calculations, while in LD
calculations we use a sawtooth-type local potential for a
percell geometry. Figure 2 shows the calculated TB ba
structures~for simplicity, u6n& states are denoted byun&) of
the ~17,0! zigzag tube under uniform electric fields. Becau
of the denominator in Eq.~2!, crossed or almost degenera
bands are strongly affected by electric fields. In fact, we fi
that the crossedu6& andu7& states are split under a very sma
field of E50.03 V/Å in both the valence and conductio
bands, and the almost degeneratedu0&, u1&, andu2& states are

FIG. 1. ~a! A cross-sectional view of a flattened zigzag tube.~b!
Uniform electric fieldsE are applied for a zigzag tube placed b
tween two parallel metal plates.
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broadened. A similar splitting is also found for the cross
u7& andu8& states. As the field strength increases, the ene
splitting and broadening become more significant.

In addition, we find that the band-edge states, which c
respond tou6v& and u6c& in the valence and conductio
bands, respectively, move away from theG point, as shown
in Fig. 2. These band-edge states are found to be eventu
crossed with each other, resulting in a semiconductor-m
transition. The movement of the band edge states can
understood by the relation̂nuVun8&;V(n2n8)cos(un,n8/2)
in the k•p approximation,14,15 whereun,n8 is the angle be-
tween two wave vectors to be mixed, as indicated in Fig
In the ~17,0! tube, sinceu5,6 is 180° at theG point, the
mixing betweenu5& andu6& is prohibited. Thus, theu6v& and
u6c& states are almost unaffected by electric fields at theG
point. However, away from theG point, sinceu5,6 is less
than 180°, theu6v& andu6c& states can be mixed with theu5&
state, moving into and eventually closing the original ba
gap. We find that the hybridized singlet state, i.e., a mix
state ofu0& and u1&, decreases with increasing of the fie
strength, and moves into the original gap region atE
50.21 V/Å . This behavior is very similar to the energ
lowering of the hybridized singlet state found in zigza
SWNT’s with small diameters10 and in flattened zigzag
tubes,5 which closes the original band gap. Testing vario
zigzag tubes, we note that the hybridized singlet state mo
into the original band gap forN,17, inducing the

FIG. 2. Tight-binding band structures of the~17,0! SWNT under
various transverse electric fields. The inset shows the zone bo
aries ~solid lines! near the symmetricK point in the two-
dimensional Brillouin zone of the graphite sheet, the allow
k-point lines (n53 –8), and the angleu5,6 between two wave vec-
tors indicating the Bloch statesu5& andu6&. The subbands are num
bered byn on the allowedk-point lines. Open circles in the uppe
right panel indicate the energy splittings of the crossed bands du
electric fields.
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semiconductor-metal transition before the band gap is
fected by the movement of the band edges. For the~17,0!
and ~40,0! semiconducting SWNT’s with diameters of 1
and 3.2 nm, respectively, the band gaps are plotted as a f
tion of field strength in Fig. 3. LDA and TB calculations giv
quite similar results. As the field strength increases, both
~17,0! and~40,0! tubes exhibit the semiconductor-metal tra
sition. Since the energy differences between neighbo
subbands are smaller for nanotubes with larger diameters
electronic structure of the~40,0! tube is more sensitive to
external perturbations. For the~40,0! tube, the
semiconductor-metal transition occurs at a lower elec
field of E50.05 V/Å whereasE50.21 V/Å for the~17,0!
tube.

FIG. 4. ~a! A schematic view of a nanotube device, where tra
verse electric fields are applied locally for the~18,0! nanotube be-
tween two parallel metal plates. Here L and R denote the left
right leads, respectively.~b! The electric fields are uniform insid
the metal plates with the length of 160 Å, while they decay gra
ally to zero outside the plates.~c! Total transmissions~solid lines!
through the nanotube device as a function of energy, with the Fe
level referenced to zero. Dotted lines denote the band structure
the ~18,0! tube near the Fermi level for various field strengths.

FIG. 3. The LDA and TB band gaps are plotted as a function
field strength for the~17,0! and ~40,0! tubes.
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Next, we examine the transport properties of meta
nanotubes under local transverse electric fields. We cons
the ~18,0! SWNT placed between two parallel metal plat
@see Fig. 4~a!#, where the curvature effect is much small
than the perturbation due to electric fields. For energies n
the Fermi level, since subband mixings occur between ne
boringp states, we employ thep-orbital approximation. As-
suming that electric fields are uniform between the me
plates with the length of 160 Å but decay gradually to ze
outside the plates, as shown in Fig. 4~b!, we calculate the
total transmission through the nanotube with use of
Green’s function approach.16,17 The calculated band struc
tures and total transmissions are drawn in Fig. 4~c!. We find
that electric fields create a gap of 0.03 eV atE50.1 V/Å ,
which gives rise to a transmission barrier. As the fie
strength increases, this gap is enlarged up to 0.06 eV, re
ing in zero transmission. Based on our results, we prop
that this nanotube device may act as a quantum switch
transverse electric fields ofE50.1–0.2 V/Å . Here we point
out that for metallic zigzag tubes with larger diameters su
as~39,0! and~60,0! tubes, small gaps are closed again by t
movement of subbands in the gap region, as addressed
the ~40,0! tube.

Finally, we discuss the effect of layout geometries on
subband mixing in conductance measurements of multiw
nanotubes. In usual back-gated geometries with s
contacts,2 where diffusive transports were reported, the m
trix elements in Eq.~2! are nonzero forDn561, similar to
the uniform field case. On the other hand, multiwall nan
tubes in liquid metal contacts, which showed ballistic tran
ports, satisfy the selection rule ofDn50, because of the
rotational symmetries about the tube axis. In this case,
electronic structures of the outermost shells are expecte
be robust to liquid metal contacts because the energy di
ence between theuns& and unp& states is very large. Thus
liquid metal contacts may not affect the quantum coher
transport. In the case of side contacts, small energy dif
ences between neighboringp bands lead to severe subban
mixings that may give rise to scattering centers for elect
conduction. For various (N,0) nanotubes, we examine th
backscattering rate of incident channels at the boundary
tween field-free and field-exposed regions; the electric fi
is assumed to be supplied by side contacts as discusse
fore. To exclude possible short-range scatterings,15 we in-
clude a buffer region of about 20 Å at the boundary, whe

-

d

-

i
of

FIG. 5. Backscattering rates are drawn for various (N,0) nano-
tubes. Filled squares and triangles denote semiconducting tu
while empty triangles denote metallic tubes.
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BRIEF REPORTS PHYSICAL REVIEW B 64 153404
the electric field increases gradually from zero. For elec
fields ofE50.013 and 0.026 V/Å, the calculated backscatt
ing rates are plotted in Fig. 5; the backscattering rate is e
mated by averaging the total transmissions over the en
range of 0.04 eV from the valence band edge, where o
two channels exist. In semiconducting tubes withN<28,
backscattering rates are found to be very low forE
50.026 V/Å , while they increase to;25% for nanotubes
with larger diameters. For smaller electric fields ofE
50.013 V/Å , we find appreciable backscattering rates
semiconducting tubes withN>50. In metallic tubes, the
backscattering rate depends on the existence of the band
as the diameter increases, i.e.,N>69, the band gaps deve
oped by electric fields are closed again, resulting in very l
backscattering rates. On basis of our results, we suggest
in the outermost shells with diameters of 10–20 n
nc
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(N.120) electrons will be easily scattered by the fluctuat
of electric fields.

In conclusion, we have studied in a perturbative way
effect of various potential environments on the electro
structure of SWNT’s, and find selection rules in the subba
mixing caused by perturbed potentials. When single-w
nanotubes are placed on a substrate, applied gate volt
affect the band structure by producing transverse elec
fields; semiconducting tubes undergo a semiconductor-m
transition as the field strength increases, while band gaps
generated in metallic tubes. We suggest that the fluctua
of transverse electric fields due to a substrate causes sig
cant backscattering of the states near the threshold
transmission.

This work is supported by the QSRC at Dongg
University.
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