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Metal-semiconductor transition in armchair carbon nanotubes
by symmetry breaking
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The electronic band structure of armchair carbon nanotubes may be considerably modified by

potentials with angular dependence. Different angular mdgescosq6 have been studied within

a tight-binding scheme. Using symmetry arguments, we demonstrate a bandgap opening in these
metallic nanotubes when certain selection rules are satisfied for both potential and nanotube

structure. We estimate the bandgap opening as a function of both the external potential strength and
the nanotube radius and suggest an effective mechanism of metal-semiconductor transition by
combination of different forms of perturbations. Z004 American Institute of Physics

[DOI: 10.1063/1.1811792

Armchair single-wall carbon nanotub&SWNTs with chair SWNT consists of vertical mirror planes, horizontal
indices(n,n) are metallic with two subbands crossing at themirror planessy, and rotation axe€,={U,U’} (Fig. 1). Ev-
Fermi level, which is allowed by opposite parities of theseery electron state can be labeled by a set of quantum num-
two subbands with regard to timevertical mirror reflections bers: an axial wave numbég an angular quantum number
o,. It is interesting to explore if one can break the mirrorm, a parity with regard to the vertical mirror reflection
symmetry and generate a bandgap by choosing appropriate(A/B) and a parity to the horizontal mirror reflection
angular perturbations, so that one can modify and controtw(+/-). There are also two sets 6% axesU andU’, which
nanotube material properties for applications. It was recenthare perpendicular to the tube axis. The two linear subbands
proposed to use a very inhomogeneous electric field to inkm) and |7'), both havem=n and even parities abouty,
duce metal-semiconductor transitiogST) in armchair ~ While their parities about), U’ and o, are opposite? It is
SWNTs! Other types of circumferential perturbations werethe differentparities that allow the two subbands to cross
studied including intra-rope interactién, twisting or  and be degenerate at the Fermi points. We do not consider
bending® squashing™ and applying uniform perpendicular Potentials with an axial space dependence, thus, the quantum
electric fields>® Some perturbations indeed were found tonumberk is conserved. N _ _
induce MST, which was attributed partially to the breaking ~ What are the symmetry conditions required for MST in
of SWNT mirror symmetry. However, there still remains an &rmchair nanotube? _ .
open question if mirror symmetry breakiri§ISB) is a suf- Rule 1: All symmetries about ve_rtlcal mirror planes,
ficient condition to bring in a bandgap in armchair tubes. For2NdC2 axesU, U’ must be broken simultaneously. ,
example, in the case of bending or applying a uniform elec. '€ selection rules of subband coupling impose addi-
tric field, by rotating the armchair nanotube, one can alwayd!0nal requirement on thangular quantum numbeof the
find an alignment that breaks all vertical mirror symmetriesPOt€ntial as well as the nanotube indices. Assume that the

but the nanotube remains metallic, which cannot be ex&Xtérmnal potential has only one angular modg(6)

plained by the MSB argument alone ~cosq(6+ 6p), where an arbitrary offsef, is zero when a
In this letter, we apply potentialls with angular depen_mirror plane of the potential coincides with the one of the

dence to modulate the band structure and electronic proper-
ties of the armchair SWNTs. We choose angular modes
=V cosq#d or their combinations to study gap opening
within an orthogonalm-orbital tight-binding(TB) scheme.
We found that(1) breaking symmetries about all the vertical
mirror reflections andC, rotations(see belowis required to
mix the two linear subbands near the Fermi lev2);selec-
tion rules of subband coupling impose additional require-
ment on the angular momentum of the perturbation, e.g., ¢
single mode with odd) does not generate any bandgéd);
for modes with ever, MST is only possible for tubes with
specific indices to satisfy selection rules described below.
Selection RulesThe symmetry group of @&n,n) arm-

V=V (sinb+sin20)

dAuthor to whom correspondence should be addressed; electronic mail:

yanli@uiuc.edu FIG. 1. Left: Symmetry operations of @,n) armchair nanotube. Right:
Ppresent address: Department of Physics, Lehigh University, 16 MemoridUnwrapped unit cell of 5,5 nanotube and schematics of an external

Drive East, Bethlehem, PA 18015. potential of the formV=V(sin #+sin 26).
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o * yields direct mixing to the coupling orderg=1. Assuming
@) @D no overlap between orbitals on different atomic sites, an ana-
=t+Z * IZJ o lytical expression for the bandgap can be obtained by the
L ED+ELD) =0, @D+ E2) =0 degenerate perturbation theory
j =
} = <IVii> @ = IAExEp @ @ Eg =3V, sin(2né,). (2)

i Since|7) and|#") are now directly coupled, the bandgap is
(a) (b) : ) o e
proportional to the perturbation and the relation in E).
FIG. 2. (a) Feynman diagram for interaction betwepr) and|=’) states.  holds up to a few eV. Potential of this forta=2n) requires
li)=|m;,s). (b) Two examples of the contributions that cancel out for  changing the sign of the electrostatic potential alternatively
=even. on neighboring carbon atoms. One can possibly generate
such perturbations by twisting, chemical/biological decora-
SWNT. The conservation of total quantum numbleendm  tion of the tube or by using the high multipoles of very
imposes the selection rules for direct subband coupling in @ahomogeneous potential.
(n,n) SWNT: 6k=0 anddm= £q+2nj, with j an integer. The The potential with mixed Fourier componeniealistic
indirect interaction betwednr) and|#") statesH .- can thus  perturbations usually have more than one dominating angular
be represented by a Feynman-like diagram, or as a perturbsode, which makes analytical expressions tedious. On the
tion series of the coupling order [Fig. 2a)]. Here all al- other hand, the interplay of the different angular components
lowed intermediate statesn,s} are states of the given an- may result in stronger and more interesting perturbation of
gular momentunm and pseudo-spis, with s=+1 denoting  the electronic properties of the SWNTs. For example, the
the conduction and valence bands, respectively. Due to thigansport behavior of a deformed nanotube may change un-
symmetry of electron and hole bands, contributions of everler the control of the gate potentidlWhen the strength of
u cancel out as shown in Fig(I® (a detailed example will the field across the SWNT is large, the gate potential shifts
be shown below Thus, only for odd coupling order, there  the Fermi level and also modifies the band structure. In the
can be a nonvanishing coupling betwéeh and|#") states. ~simplest case, only two angular components are present:
The most important contribution comes from fbevest pos- H1=V; cog6+6,)+V, cog2(6+ 6,)]. Here 6, and 6, are de-
sible u which is ug=2n/gcd2n,q), where gcd is the greatest fined as the angular offsets of the mirror plane®/paindV,
common divisor. We formulate the second rule for the MSTwith regard to that of the SWNT.

in the single mode angular potentid). The coupling orde, is now a function of bothy; and
Rule 2: g,. Forg;=1,9,=2, the lowest allowed coupling is of the
third order throughm) < |my,s;) < |m,,s,) <= |7 ) and there
o = 2n - odd are 24 possible sets of intermediate stdteg,s;;m,,s,}
ged2n,q) +1,7 1)
One Conclusiqn we can draw immedia_tely is that there is (Mumy) =1 (1, %2) @ (s.8) = { (#1, :_L 1) . 3)
no MST whenq is odd, because thep, is even, which (1,1

violates rule 2. This is consistent with the absence of the (£2,1)

bandgap for armchair SWNTs under a uniform perpendiculaHere m, ,=+1,+2 are the quantum numbers relativeno

electric field, i.e.q=+1° =n. In general case, the bandgap opening is related to the
By nearly degenerate perturbation theory, we derive theff-diagonal element,,- in the 2x 2 matrix of 7 and 7"

dependence of the bandgap opening on the angular @ffset states, which can be written via contributions from different

We already know that whe#,=0, there shall be no bandgap intermediate sets dfy=|m,s;)

according to rule 1. By changing the relative alignment of o .

the SWNT and the potential, a bandgap starts to develop and (), (i) = (mHy|2) .. GH i + 1) .. (= 1Hq|7)

E4 can be estimated as ™ [Eq—E()]...[Eg—E(n—-1)] ’

Eq(f) = EJSin(uo060)- @ Hyr = S HEL (i) @

It is self-evident that the maximum of the bandgap is for {m.s}
6o="/(2u00) When V, is so aligned that the potential is
antisymmetric a_bout one of t_he vertical mirror planes. eigenenergy of the electron stdip
_The case witlg=2 is reminiscent of squashing an arm- 9 The m%)’:rix eIemen(V}=<i|V¢tcosq(0+9 )|i+1) can be
chair SWNT. Our analysis explains why a small bandgap. .. ) 4= a T
was found in a(5,5 SWNT in Ref. 4 but not in(6,6) simplified by neglgctmg the c;oup_hng between sublattices in
SWNT in Ref. 6 or(8,8) SWNT in Ref. 7. Sincay=n for 2" €Nvelope function approximation
g=2, only SWNTs with odch can open a bandgap. (8,8
and(6,6) armchair nanotubes there should be no mixing be-
tween the crossing subbands. For agdhe bandgap open-
ing is roughlyE o Vg sin(2nd,) and decreasing for large ra- ibm(K) — ~A B
dius nanotubesg due to the higher order of perturbation. The ¢ Crn(l/Cr(K). ®
maximum bandgap of é,5 SWNT by theq=2 potential is where Am=m,-m,, and C5B(k) are the coefficients of the
of the order of 0.1 eV within our TB calculation. Bloch components on A and B sublattices in the electronic
The most interesting case for potential applications iswvave functions. Since one is mostly interested in the proper-

that the potential has short oscillation periag:2n, which  ties of electronic states near the Fermi level, nearly degener-
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try. The maximum bandgap happensA; =+ /4, which
corresponds to the configuration that the nodes of the two
potential components overlap, as confirmed by numerical TB
results whenn=5 (Fig. 3). Since this combinatiorig; =
and g,=2) always gives a secondary bandgap unlags,
=0, which can be tens or hundreds of meV for SWNTs with
a moderate radius, it may be an effective mechanism to in-
duce MST in armchair nanotubes and put them into tunable
metallic field-effect transistors
In conclusion, we derived the selection rules for the
metal-semiconductor transition of armchair SWNTs under an
0 0.2 04 o6 os 1 extemal circumferential perturbation within the orthog_onal
_ mr-orbital TB scheme. We evaluated the bandgap opening as
8_V()/El() . . .
a function of the external potential strength and its angular
FIG. 3. The bandgap opening as a function of the dimensionless potenti@lignment with SWNT mirror planes. Combinations of per-
8=Vy/Eypfor (n,n) SWNTs withn=6,8,10,12, ant¥,=V,=V,. Inset: The  turbations of different angular modes are shown to open the
ratio E4/ 6* vs n~2 for TB results(solid squaresand results of perturbation gap up to 0.1 eV for(6,6) SWNT and may represent an
theory(dashed lingwith n=5,...,12 . ) . ' . i
effective mechanism of the metal-semiconductor transition.
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