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ABSTRACT

Many single-wall carbon nanotube (SWNT) properties near the Fermi level were successfully predicted using a nearest-neighbor tight-binding

model characterized by a single parameter, V. We show however that this model fails for armchair-edge graphene nanostrips due to interactions
directly across hexagons. These same interactions are found largely hidden in the description of SWNTS, where they renormalize Vi leaving
previous nearest-neighbor model SWNT results largely intact while resolving a long-standing puzzle regarding the magnitude of Vi.

Recently, macroscopic single sheets of graphite known as
graphene were isolated and found stable, highly crystalline,
and chemically inert at ambient conditioh3his advance

has stimulated increasing interest in graphene nanostrips
(GNSs), partly because they could combine the advantages
of high-resolution lithography with nanotube-like electronic
properties to achieve large-scale integration of ballistic
devices? Indeed, the nearest-neighbor tight-binding model, Figure 1. Sample (a) symmetric and (b) staggered armchair edge
which is successful in describing many of the properties of GNSs with (2)N = 7 and (b)N = 8. The numbering of the unit

single-wall carbon nanotube (SWNTs®, does predictthat ~ C€llS is shown at the left edge of each figure with only the unit
h tri ith hair ed il h lectroni cells labeled 0 shown in their entirety. Each unit cell is composed
0Se sStrips with armchair eages wi ave Eleclronic ¢y zigzag chains terminated by H atoms with the two chains

structures very similar to zigzag SWNTs provided their edges corresponding to the unit cell labeled 0 shown as darkened. The
are terminated by-bonds to H-atom&2°However, the first- 2N C atoms in a unit cell are numbered as shown.

principles results reported below show that the nearest-
neighbor approximation fails for these strips in spite of their g-bonds to H-atoms. Each strip can be thought of as series
similarities to SWNTs, even if all €EC bond distances in  of finite length zigzag chains oriented along the transverse
the strip are assumed identical so that no distortion effectsdirection of the strip and stacked edge to edge with each
are present. The origin of this failure is traced to the neglect zigzag chain containind carbon atoms. The primitive
of C—C interactions across hexagons that convert thosetranslational unit cell of the strip contains two such zigzag
armchair-edge strips expected to be metallic to semiconduc-chains for a total of R carbon atoms and 4 hydrogen atoms
tors with gaps that decrease as the inverse widths of the stripsas depicted in Figure 1 for the cadds= 7 andN = 8. For
Hence, these interactions should be included explicitly in brevity, we refer to the armchair-edge GNS containiiy 2
the description of these strips. However, we also show that carbons in the unit cell as ti¢armchair-edge GNS. These
these same interactions, although surely present, are largelstrips have two different configurations depending on
hidden in the description of SWNTs, leaving previous whetherN is odd (Figure 1a) or even (Figure 1b).Nfis
nearest-neighbor SWNT results intact consistent with the odd, we refer to the strip as symmetric, buliis even, we
many successes of the nearest-neighbor approximation inrefer to it as staggered.
predicting the properties of SWNTS. To study the electronic structure of armchair-edge GNSs,

The armchair-edge GNSs depicted in Figure 1 can be we start by assuming a tight-binding model described by the
viewed as cut from graphene with their edges terminated by Hamiltonian,H,, which retains only nearest-neighboma-

. - - - - trix elements between orthonormgd,Oorbitals (one per

: ﬁg\r:lsgggg';r%haﬁg'tf’&a'fc;@‘f"": carter.white@nrl.navy.mil. carbon atom) oriented normal to the plane of the strip with

* Oklahoma State University. all diagonal matrix elements fixed at the Fermi level=
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Figure 2. Sample (a) symmetric and (b) staggeledrmchair edge
GNSs highlighted in gray depicted as embedded in graphene. Two
of these strips can also be viewed as embedded inNhe (,0)
zigzag SWNTSs prior to rollup alonB = (N + 1)R; so thatR = ~ o 05 0 0.5 1
2B with B the base vector of the GNS. 3dk/n 3dk/n

Figure 3. SGSM band structures for the (a) (8,0) and (b) (9,0)
i i i SWNTs compared to corresponding (c) 7 and (d) 8 armchair-edge
0 eV and all off-diagonal nonzero matrix elements fixed at gNSs. Doubly (singly) degenerate bands are shown as thick (thin)
V. This standard graphene sheet médg@GSM) has been lines.

used successfully to describe the properties of both graph-

ene and SWNTs neat. In addition to including only  poyndary conditions over the rollup vecRrso thatk-R =
nearest-neighbor interactions, this model neglects the o . with m being an integet-> However, ifk-R = 27m
effects of curvature in SWNTs and assumes allCbond for a SWNT withR = 2B. thenk-B = zm s also satisfied.
lengths,d, and angles are the same in GNSs. The model Thus, within the SGSM, ther-band structure of theN

also assumes that the strip edges are always termimated b\érmchair-edge GNS is contained within that of tNe# 1,0)
compensating dangling $pybrids at edge C atoms with H 4,55 SWNT which has the rollup vectBr= 2B. Indeed,

atoms to form a strong-€H o-bonds:***Nearest-neighbor e hang structure of thél(+ 1,0) zigzag SWNT and thid
C—H matrix elements associated with these H-atoms do not 5, ohairedge GNS are identical within this model except
appear explicitly irHo because these orbitals (Ilke the sf:? that the four singly degenerate zigzag SWNT bands are
_Orb't?"s used to f"”'? str_ong <. ¢ bonds in the strip missing from ther-band structure of the armchair-edge GNS
interior) are symmetric with respect to the nodal plane of and the remainingM doubly degenerate bands of the €

the m-orbitals and hence decouple from tlveconduction 1,0) zigzag SWNT become singly degenerate in the

bands descrlbeq bilo. Also, because C formg a strqng armchair-edge GNS (see Figure 3). The four bands present
covalent bond with H, the ando* bands associated with . ; L
in the tube, but absent in the strip, lie far framas shown

;B?tizrbonds lie far frore: and hence need not be considered in Figure 3 and need not concern us further. The remaining

Within the SGSM, the band structure of GNSs is contained pands are doubly degenerate in the tube but singly degenerate

- . . : ) . in the strip because two, rather than oNearmchair-edge
within the dispersion relations of zigzag SWNTSs. To see this, ) )
first consider Figure 2 where symmetric and staggered GNSs are embedded in thél (- 1,0) zigzag SWNT as

armchair-edge GNSs, are depicted as embedded in graphenél.IlJStrated in Figure 2.

Viewed in this way, we see that if the SGSM is assumed, Of special interest are the electronic properties ofihe
then thez-band structure of th&l armchair-edge strip can ~ @rmchair-edge strips in the vicinity e, which now can be
be derived from the subset of 2D graphemestates that readily obtained from earlier SWNT results. For example, it
vanish at the C atoms along the dashed lines of Figure 2 is well known that SWNTSs are either metallic or semicon-
Formally, this requires that members of this subset have 2D ducting depending on their structtré>**with the (1,,0)
wavevectorsk, such thatk:B = zm whereB is the base  zigzag SWNTSs predicted to be metallic by the SGSMif
vector of the strip depicted in Figure 2 antlis an integer. = 3q with g an integer. This result and the correspondence
Furthermore, in applying-B = zm, only choices fom can between theN + 1,0) SWNT and thé\ armchair-edge GNS
be used for which zero coefficients can be generated at thethen immediately imply that thl armchair-edge strip will
appropriate C atoms; for exampte = 0. Now recall that be metallic only ifN + 1 = 3q, thus recovering the result of
all SWNT's can be indexed by a pair of integers associated Fujita and others obtained by different me&h&.It is also
with rolling up a graphene sheet along one of its 2D lattice known that semiconducting SWNTs with — n, = 3q have
vectorsR = n;R; + mpR; to form a g, ny) cylindrical band gaps given to good approximation By, = V4| dir,
nanotub& with radiusr, whereR; andR; are the primitive if r is the order of the radius of icosahedrak,Gand
graphene lattice vectors depicted in Figure 2. Also recall that greates-81%wherer is the tube radius and is the C-C
within the SGSM the band structure of SWNTs defined by bond distance. For thé\(+ 1,0) zigzag SWNTSs, and hence
R is obtained from that of graphene by imposing periodic the N armchair-edge strips, this result becomes
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—2nV, 0.9

Eppp= 1)
o «/§(N + 1) —— Eyop/|V1| = 27/ V3(N + 1)
+ mod(N +1,3)=2
because = v/3d(N + 1)/2z. Other key expressions can be 0.6y x mod(N+1,3)=1
obtained just as easily from the corresponding SGSM * mod(N+1,3)=0

nanotube resul$34including linear dispersion relations for
the metallic strips$,the positions of the first few van-Hove 03l
singularities in the density of states (DOS) neain both
metallic and semiconducting stripsand a universal expres-
sion for the DOS nea¢r that depends on whether the strip
is metallic or semiconductintf. O s s o
Although eq 1 is known to work well for nanotubes with N
diame'Fers of the order of_(,@or Iarger?’“ for the narrower Figure 4. Magnitude of HOMG-LUMO gap of theN armchair-
tubes it proves progressively less accurate to the point thatedge GNSs from the SGSM.
it fails completely for the (5,0) SWNT. For the SWNTSs, this
breakdown occurs because of a combination of factors 231
including curvature induced hybridizatidh?* direct interac- + LDF mod(N +1,3) =2
tions across the tutFé and trigonal warping of the dispersion 2 x LDF mod(N +1,3) =1
relations around th& points of graphen&:2>However, for % LDF mod(N +1,3) =0
planar armchair-edge GNSs curvature-induced effects are ~
absent leading to the possibility that eq 1 and related =
expressions are applicable over a larger rangétbin found m?n
for the corresponding SWNTSs. This is consistent with Figure
4, where eq 1 does well even fdt as small as 4 with
deviations now accounted for entirely by trigonal warping.
Note though that results such as shown in Figure 4 assume * % x
that the one-electron structure of these strips is well described O 12 15 18 21 22
by the SGSM. This assumption is plausible given the success N
of this mode] in describing the properties of SWNTS. Figure 5. Magnitude of the HOMG-LUMO gap of the N
However, L_ml'ke _SV_VNTS where the SGSM was motivated armchair-edge GNSs from the LDF calculations. Also shown as a
based on first-principles resultao similar tests have been  solid line are results from eq 1 of the text for the semiconducting
made for the armchair-edge strips. Below we present resultsstrips, mod + 1,3) = 0, assuming/; = —2.6 eV.
of such tests that show that this model must be extended to
account for the properties of the armchair-edge GNSs, evenscales as 1§ + 1)? (refs 28-30) leading to a correction far
in the regime where it is known to work well for SWNTs. smaller than what is seen in Figure 5 for the corresponding
Our first-principles results were obtained using an all- GNSs. Also, the gap in the quasi-metallic zigzag SWNTs
electron, self-consistent LCAO local-density functional arises principally from the effects of curvature, which are
(LDF) band-structure method originally developed to treat absent in the GNSs. Hence, the GNS gagratvould be
chain polymerg8 This approach, especially tailored to take expected to be smaller not larger than the corresponding
advantage of helical symmetfyhas been successfully used SWNT gap. In addition, although the armchair-edge strips
in wide-ranging studies of SWNTs? To obtain the results ~ with N + 1 = 3qg are semiconductors as predicted by the
reported below, we use a 7s3p Gaussian basis for C, a 3sSGSM, this same model requires that these strips have
basis for H, and 32 evenly spackgoints over the central  semiconducting gaps that decrease monotonically with
1D Brillouin zone in solving the self-consistent LDF equa- increasing strip width (see Figure 4). However, Figure 5
tions while assuming that all carbesarbon (carbor shows that theN = 3q strips have significantly smaller
hydrogen) bond distances are fixed at 0.142 nm (0.108 nm).semiconducting gaps than those witk= 3q + 1. Therefore,
LDF results for the band gaps of all armchair-edge GNSs in dealing with armchair-edge GNSs the SGSM must be
with 4 < N < 24 are presented in Figure 5. Although these modified. Furthermore, in making these modifications we
results have similarities to the SGSM results of Figure 4, do not appeal to distortion effects because in our first-
they are also fundamentally different. In particular, although principles results all €C bonds are assumed equal.

Egap/ Vi

N armchair-edge GNSs witN + 1 = 3q have band gaps Hydrogen atoms at the strip edges are one possible source
that are somewhat smaller than similar width strips with  of modifications toH,. Thus far we have assumed that these
+ 1 = 3q, these gaps are far from zero. TNearmchair- atoms compensate the C danglirponds without otherwise

edge GNSs wittN + 1 = 3qg should have a gap because affecting the electronic structure near However, these edge
they, like the so-called metallic zigzag SWNTs, have an hydrogens will also produce a small shift in the potential at
avoided crossing atr converting them to semiconductors the edge carbons. These interactions can be incorporated into
in the presence of additional interactigtidHowever for the the model by adding a terrﬁedgeto Ho that shifts the site

(N + 1,0) zigzag SWNTs wittN + 1 = 3q, this band gap  diagonal terms ofl, at the edge carbons Byage LoONger-
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Figure 6. Depiction of various interactions between C atoms ® e & @ o a ®
treated in the text. 0 ¢ ‘ + : i —8,
35 Q¢ ®)| o TBMmed(W+1,3)=2
range interactions between C atdinsuch as depicted in 3l O TEMmod(N+1,5) =1
Figure 6 provide another source of potentially important i i E[]?FM moi(llvvﬂlz) Z
modifications as they allow direct coupling between C atoms 29 ® @ % TDF :ZdEN:I 3; )
across the dashed lines of Figure 2 so that the band structure 5‘; ol @ | % LDF mod¥ 41,3 =0
of the N armchair-edge GNS is no longer embedded in that = " &
of the (N + 1,0) SWNT. These longer-range interactions can 1.5¢ @ ®® ®
tge incorpgratgd into the model by addililg,2 and UV3 to | i A
Ho, whereUy, (Uy,) includes all next-nearest-neighbor (next Booe ® & &
next-nearest-neighbor) interactiovis(Vs) between C atoms 0.5 ‘ ‘
in the armchair-edge GNS. Even longer range interactions 6 $ 12 N15 821 2

could also be included but they are expected to fall off e - LDE s ¢ . 4 (b1E o th
H H H i jgure /. results 1or (a an compared to the
quickly with distance and ultimately prove unnecessary. co%responding tight—binding( %ogé& (TB(M)) rfesultspobtained from
Becauséeeqgd V1, [V2/Vi], and|V4/V,| are Sma”U Uedge eq 3 withVy; = —3.2 eV andV; = —0.3 eV.
+ Oy, + UV3 can be treated as a perturbationttg Also,
becausdl does not break the translation symmetry of the g Ho; whenN + 1 is large andN + 1 = 3q this term reduces
strip, it couples only states with the saien addition, the  to the right-hand side of eq 1. The second term gives the
armchair-edge strips are direct band gap materials with thejowest order correction due 9. Although Uegge and Uy,
HOMO and LUMO states occurring &t= 0 (see Figure 3).  both contribute toJ, neithereeqqe Nor V, appears in eq 3
Therefore, we need only to consider the eigenstatés, aft because to first order they shift the HOMO and LUMO levels
k= 0 in evaluating the effects & on the magnitude of the by the same amount: Blige— NN+ 1). f N+ 1=
HOMO—-LUMO gap, Egap Moreover, atk = 0 the eigen-  3q andUy, = 0, thenUeqqe+ Uy, will open a gap atr but

states ofH, for the N armchair-edge GNS are given by for reasonable choices @fqge and V. these higher order
corrections are far too small to explain the gap observed in
1 the LDF results.
Y= —— Z Z[ ( )](|n |CH If N+ 1 = 3q, the first term on the right-hand side of eq
F N1 T = 3 vanishes leaving only the second term which reduces to
In+N, 10 (2) oV,
S TN 1 )

where 1< p < N, and|n, ICdenotes thé¢p,[orbital associated
with the nth C atom in the unit cell labeled blyin the
notation of Figure 1. Combining this result with the above Therefore, eq 4 can be used to least-squares fit the LDF data
observations, we then find in the presenc&/gf\,, V3, and for N 4+ 1 = 3q to determineVs and then withV; fixed at

ceagethat Egapis given to lowest order in perturbation theory t_his valueV; can be determined by using eq 3 to Ie_ast—sqpares
fit the LDF data forN + 1 = 3g. Implementing this

by procedure yields the physically reasonable resiis= —3.2
eV andVs; = —0.3 eV, which provide an excellent fit to the
p= 2V, [2005{pr 1) + s] + LDF results for allN as shown in Figure 7a. Furthermore,
for the same parameters the right-hand side of eq 3 yields
’3 + N+ 2N — 1)005( 2pr ) + ZCO{M)] 3) the separationE,, between the next to lowest unoccupied
N+1 N+1 N+1 state and next to the highest occupied state=at0, which
also is in excellent agreement with the corresponding LDF
where: if mod\ + 1,3)= 0, thenp = (N + 1)/3 ands = results as shown in Figure 7b. (Note that in obtainifhg
—1; if mod(N + 1,3)= 1, thenp = (2N + 3)/3, ands = 1; from eq 3,p ands are chosen to correspond to the next to
and, if mod{N + 1,3)= 2, thenp = (N + 2)/3, ands = —1. lowest unoccupied state, which implies that if medf 1,3)

The first term on the right-hand side of eq 3 is the gap due = 0, thenp = (2N + 5)/3 ands = 1; if mod(N + 1,3)=1
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thenp = (N + 3)/3, ands = —1; and, if modlN + 1,3) =

2, thenp = 2(N + 2)/3, ands = 1.) Other useful results can 0.9 —— Egap/|Vess| = 27/ V3N + 1) | ]
be also obtained from eq 3 such as the behaviégfwhen i + mod(N+1,3)=2
N + 1= 3g andN is large - x mod(N+1,3)=1
;’50.6- % mod(N+1,3)=0
o 2n(V,—2Vy) 6V, ) =
Egap \/§(N +1) N+ 1 5

where if modN + 1,3)= 1 [mod(N + 1,3) = 2], then the
plus [minus] sign applies.

The results so far imply that the SGSM should be extended 6 9 12 ‘15 18 21 24
to include C-C interactions directly across hexagons to
reproduce the LDF results for armchair-edge GNSs aear  Figure 8. Magnitude of HOMO-LUMO gap of the N + 1,0)
This is puzzling because these interactions, although presentigzag SWNT from the TBM withV; = —3.2 eV,V, = —0.5 eV,
and of similar strength, have proven unnecessary in describ-andVs = —0.3 eV compared to results from eq 1 of the text with
ing the one-electron properties of SWNTs in the same Vi replaced byVey = Vi — 2Vs. The tight-binding results are

. . . . ically indisti ishable f h i f h M
region3~'® To address this conundrum, consider the tight- \?v:?r? t{(,:f! Tg_lztlgsugezb;gﬂ?én ;).O,flitgb:ﬁg'&edz r_o(r)r_] 5t eeVSiSGS

binding dispersion relations of graphene in the presence ofassumed for illustrative purposes only and could just as well be
V1, Vo, andVs: taken with opposite sign; to first order |N>/V;|, V, has no effect
on Figures 7 and 8. Also note that these results neglect curvature
effects, which become important for nanotubes with radii less than
e, (K) = VLAK) & \/vf[s + AKK)] + 2V,V,B(K) + V5°C(K) the (10,0).
(6) results, which rest on a single parameter determined by the
slope the linear dispersion relations of graphene, remain
where intact; it is only the interpretation 0¥ that enters these
expressions that has changed. For example, Figure 8 shows
Ak) = 2[cok R, + cok'R, + cok(R; — R,)] (7) that eq 1 remains a good approximation to the HOMO
_ LUMO separation in zigzag SWNTSs in the presence/pf
B(k) = [1 + 2cok-(R; =~ Ry)][1 + COK'R, + COK'R,] + and Vs, provided V; is replaced byVer = Vi — 2Va.
cok(Ry +Ry) =1 (8)  Fyrthermore, in earlier studies it was the slogaV,,/2,
C(k) = 8cok-R, cok-R,cok+(R, — R,) +1  (9) not the underlying parameters, that was fit to the first-
principles SWNT resulf$914 and experimet111517 to
extract a value ol However, this way of determining
Vet automatically includes the effects of both and V.
Therefore,V, and V3 are largely hidden in describing the
electronic properties of SWNTs neat. NeverthelessYs;
remains important to the understanding of SWNTSs; for
example, it explains whiVg| for these tubes is smaller than
|Vest] for the prototypical electroactive polymer all-trans
polyacetylene, (CH) thus resolving a long-standing issue
{egarding the relatively small size &f in SWNTs? In
particular, owing to the geometry of all-trans (GHYs is
not present so thates ~ Vi1, but in the SWNT3/; is present
and reduces the bare nearest-neighbeCCoupling to an
e.(k)=—3V,+ V3 IV, — 2V3lalk — kel (10) effective value Ve =~ Vi — 2V3, consistent both with results

andk is restricted to the usual hexagonal unit cell (central
Brillouin zone) of the graphene reciprocal lattice with prim-
itive reciprocal lattice vector&; andK, defined byK;'R;

= 2nd;. Of special interest are states with wavevectors in
the vicinity of the two inequivalent corners (K points) of
the central Brillouin zone located &t = (K; — K3)/3 and
(2K; + K2)/3, because states with thegelie near e.
Although e+ (k) has cusps atr, [e+(k) — V1AK)]? is well
behaved and can be expanded in a Taylor series in terms o
Ak = alk — kg| to get

2 of STM experiment®111617and first-principles calcula-
tions*8914on SWNTs (2.5 to —2.6 eV).
valid to first order inalk — kg| with a = V3d. If the effects Our results demonstrate that although many of the proper-

of curvature are neglected, analytic results for the band®aps, ties of SWNTs neaer are well treated within the SGSM,
dispersion relation%,positions of the van-Hove singulari- this same model can fail in this region for other closely
ties!® and DOS* of SWNTSs neakr can be derived from eq  related carbon nanostructures such as armchair-edge GNSs
10 by applying periodic boundary conditions over the SWNT due to the neglect of €C interactions directly across
rollup vectorR. The only differences between eq 10 and hexagons. As such, these results have consequences not only
the corresponding expression from the SGSM With= V3 in the modeling for GNSs but also for many other related

= 0 eV is an unimportant constant that arises fraggrand carbon-based nanostuctures and polymers. These longer-
a different interpretation of the slope ef(k) in terms of range one-electron interactions should certainly be considered
the underlying parametery; and Vs. Therefore, in the  before incorporating more complex effects such as those
presence oY, andV; the analytic forms of the earlier SWNT  arising from electrorlattice and electronelectron interac-
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tions described by many-body Hamiltonians. Whether or not (10) Wildoer, J. W. G.; Venema, L. C.; Rinzler, A. G.; Smalley, R. E;

they are important will depend on the system. For example,

unlike the armchair-edge GNSs, we find that it makes little

difference whether these interactions are included explicitly
or simply absorbed into an effective nearest-neighbor

coupling in the tight-binding band structure of zigzag-edge
GNSs.

Finally, after this paper was completed we became aware

of two other first-principles studies that also find that the

armchair-edge GNSs can be divided into three semiconduct-

ing families depending on their widti%33 Neither work

however identifies interactions directly across hexagons, a

principal focus of this paper, as important in explaining this
behavior.
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