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1. Measurement of the SWNTs chiral angle

The two STM topographic images in Fig. S1 below illustrate the method used

to determine the SWNTs chiral angles for SWNT I (collisions with Ar+ ions)

and SWNT II (collisions with N+ ions). Values of θ = 30◦ − 3.5◦ = 26.5 ± 1◦

and θ = 30◦ − 23◦ = 7 ± 3◦ are found for SWNT I and II, respectively. In

the case of SWNT II, the chiral angle is determined from a
(√

3×
√

3
)
R30◦ su-

perstructure induced by large momentum electronic scattering at the defects [1].

Figure S1: Top: STM topographic image recorded between defect sites d3’-d4 on SWNT I.

VS =1 V, IS =100 pA. Bottom: STM topographic image recorded between defect sites d6’-d7

on SWNT II. VS =1 V, IS =128 pA
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2. Additional topographic images

Fig. S2 brings forth more insight on the position of SWNTs I and II related

to the substrate, by means of 3D STM topographic images with different view

angles as well as height profiles.
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Figure S2: (a)-(c) 3D STM topographic image of a ∼ 40 nm portion of SWNT I, with defect

sites d1-d5. VS =1 V, IS =100 pA. (d) height profiles recorded along the lines in panel (c).

(e)-(g) 3D STM topographic image of a ∼ 30 nm portion of SWNT II, with defect sites d6-d7.

VS =1 V, IS =128 pA
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3. Additional dI/dV maps

The dI/dV (x, V ) map in Fig. S3, recorded along QD II, for a larger energy

(sample bias voltage) span, highlights the absence of clear discrete states in

the QD valence band, indicating a strong energy dependence of the scattering

strength at the d6’-d7 defect sites or/and substrate-induced effects.
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Figure S3: (a) STM topography image of a ∼ 30 nm portion of SWNT II, with defect sites

d6,d6’-d7. VS =1 V, IS =128 pA. (b) dI/dV (x, V ) map recorded along the nanotube axis,

VS =1.3 V, IS =250 pA
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4. Energy dispersion relations

4.1. Experimental determination from the quantized states wavefunctions

The E(k) data set is obtained by measuring the energy level and correspond-

ing wavevectors k from the wavefunction of each QD states. Note that here the

use of a Fourier transform as it was performed in the case of metallic SWNTs [2]

is not indicated. Indeed, with a rectangular window (best resolution), the res-

olution given by 2π/L, L being the QD length, is about 0.6 nm−1 while the

difference in k wavevectors in the different QD potential parts is of the order of

only 0.12-0.17 nm−1 in QD I and 0.07-0.09 nm−1 in QD II.

In an effective mass approximation, the two different values of k on each side of

the potential step for the same energy level read:

kL =

√
2m∗(E − VL)

h̄2
; kR =

√
2m∗(E − VR)

h̄2
(1)

with m∗ being the effective mass. Each wavefunction in the left and right sides

of both QDs are fitted using the stationary wave-like function [2]:

|ψL,R(x)|2 = AL,R +BL,R sin(2kL,Rx+ φL,R), (2)

where φL,R is an arbitrary phase. Fit results are plotted in the sub-panels of

Figs. 2(a)-(b) and 3(a) in the main text. The red data points in the E(k) data

set plotted in the right sub-panels correspond to the portion of the QD on the

right side of the potential step (potential VR). The blue data points correspond

to the left QD portion (potential VL). An estimation of the potential step height

UC = VL − VR can be obtained by subtracting an energy offset corresponding

to UC from the blue points (left QD side) in order to get a good match with the

calculated dispersion relations presented in the next section.

4.2. Dispersion relations from third-nearest neighbor tight-binding model

Chirality-dependent energy dispersion relations are derived from a third-

nearest neighbors tight-binding (3rd n.n. TB) calculation with parameters al-

lowing to reproduce ab-initio results very accurately [3].
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In the zone folding approximation, the conduction and valence bands of pris-

tine chiral semiconducting SWNTs display two asymmetric lowest energy bands

corresponding to linecuts of two Dirac cones far apart from each other in the

reciprocal space (∆k > 100 nm−1 for both QDs). This asymmetry is charac-

terized by bands minima at |kmin| 6= 0 with |kmin| showing the largest values

for (n, n − 1) chiralities [4]. In the presence of defects in the SWNT lattice,

translational invariance breaking mechanisms imply the unfolding of pristine

SWNT bands into an extended scattering zone whose dimensions are given by

the inverse of the effective size of the scatterer [5, 2]. This is illustrated in the

left panels of Fig. S4(a)-(b) for two different chiralities. The resulting lowest

asymmetric bands are highlighted in red and blue.
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Figure S4: (a)-(b) Bands dispersions (left panels) in the extended Brillouin zone scheme and

corresponding symmetrized dispersions (right panels) for the chiralities (7, 6) and (11, 1).

In a scattering event, the only quantity of relevance is the exchange momen-

tum at a fixed energy. From there, the equivalent of the experimental dispersion

relation (section 4.1) can be extracted from the 3rd n.n. TB bands dispersion

with the expression: ks(E) = 1
2 |k1(E)− k2(E)| (right panels of Fig. S4(a)-(b)).
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Assuming that many-body interactions do not affect single-particle dispersion

relations [6], the obtained chirality-dependent symmetric functions are used to

fit the above experimental E(k) and thus to determine SWNT I-II chiralities.

4.2.1. Step-wise parabolic fit

The 1D model (see section 4.5) requires parabolic dispersion relations. To

correctly map the full energy extent of the non-parabolic TB dispersion relations

from the CBE to the onset of the next subband in the LDOS calculations, we

performed a step-wise parabolic fit of the symmetrized dispersion relation E(k),

using a parabolic and a quartic fit (of the form aQ+bQk
2+dQk

4). The parabolic

fit shows a good match at higher energies whereas the quartic fit matches very

well at the minimum. We then consider a resulting fitting curve obtained by a

concatenation of the parabolic fit and the quartic fit where the fourth order is

neglected (truncated quartic fit). The two parabolas defined as pQ = aQ + bQk
2

and pTQ = aTQ + bTQk
2 cross at k = ±

√
aTQ−aQ

bQ−bTQ
. This is illustrated in Fig. S5

for (7, 6) and (11, 1) chiralities.
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Figure S5: Step-wise parabolic fits of the symmetrized dispersion relations for chiralities

(7, 6) and (11, 1) at the conduction band.
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4.3. Determination of SWNT I chirality

From the chiral angle determination and the diameter distribution (cen-

ter ' 1 nm, FWHM ' 0.3 nm [7]), we extracted the SWNT I (n,m) set listed

in Table 1:

Table 1: Possible SWNT chiralities with corresponding diameters and single-particle third-

nearest neighbors tight-binding bandgaps for QD I. The experimental values are reported in

the column labeled ”Exp”.

Exp (6,5) (7,6) (8,6) (8,7) (9,7)

Θ 26.5±1◦ 27.0◦ 27.5◦ 25.3◦ 25.9◦ 26.3◦

d (nm) 0.8 0.747 0.883 0.953 1.088 1.224

Eg (eV) ∼1.05 0.92 0.91 0.77 0.73 0.64

kmax (nm−1) ∼1.0 (= k(Em3)) 1.39 1.21 1.16 1.07 1.02

The parameter kmax corresponds to wavevector values at the onset of the

second subband (see Fig. S4). A necessary condition for a matching chirality

for QD I is kmax > k(Em3). We find the best match for a (7, 6) SWNT with

a diameter of about 0.9 nm and a third-nearest neighbour TB bandgap of 0.91

eV. This is in good agreement with the measured apparent height1 and the mea-

sured bandgap of ∼ 1.05 eV, knowing that the measured bandgap is the result

of the single-particle gap enlarged by the Coulomb self-energy, further reduced

by the environment induced screening [10, 11]. For semiconducting nanotubes

in intimate contact with a metallic substrate, a measured bandgap in a range

up to about 20% larger than the single-particle bandgap is expected [10].

Note that the described method to determine the SWNT chirality improves

usual STM/STS methods where (n,m) is determined from a comparison be-

tween the measured chiral angle θ and the bandgap energy Eg [8]. Indeed,

chiral angle measurements are prone to systematic errors due to various distor-

1The apparent heights from STM topography images are ∼0.8 nm and ∼0.75 nm for SWNT

I and II, respectively. These values are usually understimated due to curvature and mechanical

deformation effects [8, 9]. They can be used as lower limits for the real diameters.

8



tion effects of the order of ± 1◦ and bandgaps measured in STS experiments

depart from single-particle simulation values due to many-body effects which are

challenging to evaluate [10]. These limitations often prevent an unambiguous

determination of the chirality.

4.4. Determination of SWNT II chirality

Over all the possible chiralities satisfying the chiral angle θ and diameter

distribution condition, none featured an energy range (CBE to second subband

onset) large enough to match the experimental dispersion relation in Fig. 3(a)

in the main text. We have tried all possible chiralities with the full set of angles

within the diameter distribution 0.6-1.4 nm with the same negative outcome.

We attribute this discrepancy to an overestimation of the measured level spac-

ings due to a voltage division effect by a factor 1 + β = 1 + C1/C2 where C1

and C2 are respectively the tip-to-SWNT and SWNT-to-substrate capacitances

in the double barrier tunnel junction configuration [12]. We estimated β ' 0.29

(this value is strongly dependent on the chosen position of the CBE in the ex-

perimental LDOS). For a SWNT in intimate contact with the substrate (SWNT

I), this effect is negligible as C2 is much larger than C1 [13]. STM topography

images of SWNT II in Fig. 1(d) and Fig. S2(e)-(h) reveal the presence of impu-

rities, attributed to residua from the 1,2-dichloroethane suspension, forming a

disordered buffer-like structure that might raise the SWNT-substrate distance

and thus decrease C2 accordingly. Taking this effect in to account and using

Table 2: Possible SWNT chiralities with corresponding diameters and single-particle third-

nearest neighbors tight-binding bandgaps (see supporting information) for QD II. The exper-

imental values are reported in the column labeled ”Exp”.

Exp (8,1) (9,2) (11,1)

Θ 7±3◦ 5.82◦ 9.83◦ 4.31◦

d (nm) 0.75 0.641 0.924 1.0

Eg (eV) measured: ∼1.1, corrected: 0.85 1.12 0.72 0.71

kmax (nm−1) ∼1.2 (= k(Em4)) 1.68 1.4 1.27
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the same procedure as for SWNT I, we find the best match for SWNT II with

the chirality (11, 1), see Table 2.

4.5. Solving the 1D time independent Schrödinger equation over the 1D piece-

wise constant potential model

Here, a detailed description and solution of the 1D piecewise constant po-

tential model for a two barriers system with a potential step are given. The

general geometry of the system is shown in Fig. S6.
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Figure S6: Sketch of the 1D two barriers system with a potential step.

Solving the 1D time-independent Schrödinger equation for this system consists

of defining ansatz solutions in regions of constant potential. Here we consider

two wave-funtion ansatz: an incoming particle from the left of the left barrier

ψ→ [region (I)] and an incoming particle from the right of the right barriers ψ←
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[region (VI)]. These read:

ψ→ =



eikLx + r→e−ikLx x < 0

a→II eiqLx + b→II e−iqLx x ∈ [0, x1]

a→IIIe
ikLx + b→IIIe

−ikLx x ∈ [x1, x2]

a→IVeikRx + b→IVe−ikRx x ∈ [x2, x3]

a→V eiqRx + b→V e−iqRx x ∈ [x3, x4]

t→eikRx x > x4

, (3a)

and

ψ← =



t←e−ikLx x < 0

a←II e−iqLx + b←II eiqLx x ∈ [0, x1]

a←IIIe
−ikLx + b←IIIe

ikLx x ∈ [x1, x2]

a←IVe−ikRx + b←IVeikRx x ∈ [x2, x3]

a←V e−iqRx + b←V eiqRx x ∈ [x3, x4]

e−ikx + r←eikRx x > x4

, (3b)

with the four momenta given by:

kL =

√
2m∗(E − UC)

h̄2
, (4a)

kR =

√
2m∗E

h̄2
, (4b)

qL =

√
2m∗

h̄2


√
E − (UL + UC) E > UL + UC

i
√
UL + UC − E E < UL + UC

, (4c)

qR =

√
2m∗

h̄2


√
E − UR E > UR

i
√
UR − E E < UR

. (4d)

where m∗ is the effective mass of the nanotube and h̄ is the reduced Planck con-

stant. Imposing continuity of the wavefunctions and their first derivatives at

the discontinuity points of the potential {0, x1, x2, x3, x4} leads to two inhomo-

geneous systems of linear equations from which the twenty unknown coefficients
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{r⇀↽, t⇀↽,a, b} can be determined. Then, the LDOS inside the QD, i.e. between

the barrier inner edges, can be calculated as:

ρ(x,E) = ρIII(x,E) + ρIV(x,E) x ∈ [x1, x3] (5a)

ρIII(x,E) ∝
∑

i∈{⇀↽}

∣∣∣aiIII(E)eik(E)x + biIII(E)e−ik(E)x
∣∣∣2 x ∈ [x1, x2] (5b)

ρIV(x,E) ∝
∑

i∈{⇀↽}

∣∣∣aiIV(E)eik(E)x + biIV(E)e−ik(E)x
∣∣∣2 x ∈ [x2, x3] (5c)
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4.6. Ab-initio simulations

Futhermore, we investigated the formation of quasi-bound states by calcu-

lating the LDOS between two point defects in semiconducting SWNTs by using

a combination of ab-initio electronic structure simulations and Green’s functions

similar to a method that has previously been used to determine the transport

properties of small atomic chains, nanotubes and other one-dimensional sys-

tems [14, 15]. Here, we concentrated on the role of defects for the formation

of bound states in isolated CNTs. The effect of substrate interactions were

not taken into account. We employed density functional theory (DFT) in or-

der to determine the electronic structure of pristine SWNTs and the influence

of various point defects thereupon. All DFT simulations were performed on

periodically repeated supercells large enough that only next neighbour interac-

tions between supercells are relevant. Supercells without defects consisted of 6

unit cells thus having lengths of 3.20 nm and comprising 384 and 408 atoms

in the case of (16, 0) and (17, 0) SWNTs, respectively. Supercells containing

defects were constructed from 8 and 7 repeated unit cells for the (16, 0) and

(17, 0) SWNTs, respectively. Hereby we used the PBE exchange-correlation

functional [16] and the projector augmented wave (PAW) formalism [17] as im-

plemented in the VASP code [18, 19]. Subsequently, the Kohn-Sham eigenstates

obtained from the DFT calculations were rotated to a basis set of maximally

localized Wannier functions (MLWFs) by using the Wannier90 package [14, 15].

As initial projections of the Wannier basis sets we used the carbon pz orbitals

and the molecular orbitals of the C-C σ-bonds and where applicable the C-N

σ-bonds. With this approach we obtained handy tight-binding Hamiltonians in

the MLWF basis set which reproduce the ab-initio electronic structure calcula-

tions with very high accuracy in the relevant energy range. By extracting the

inter- and intra- supercell hopping parameters and by aligning the onsite poten-

tials of the MLWFs it is straightforward to set up the tight-binding Hamiltonian

of larger systems consisting of several SWNT supercells containing defects or

not.

After obtaining the tight-binding Hamiltonian H of SWNTs with two point
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defects separated by 11.1 nm and 10.7 nm in case of the (16, 0) and (17, 0)

SWNTs, these systems were coupled to two semi-infinite leads formed by defect-

free SWNTs and the retarded Green functions were determined by

G(E) =
1

E −H+ ΣR + ΣL
, (6)

where the surface Green functions ΣR/L of the right and left semi-infinite leads

were obtained iteratively [20]. From the Green function, the density of states

projected on the MLWF n(x) centered at x is obtained via the following relation

D(n(x), E) =
1

π
=〈n(x)|G(E)|n(x)〉 (7)

A smooth LDOS D(x,E) along the SWNT axis is obtained by convolution

of this expression with a Gaussian function exp(−x2/2σ). Here, σ = 1.4 Å was

chosen to remove fluctuations originating from the atomistic structure. In to-

tal, our approach allowed the treatment of systems that contain thousands of

atoms and hence are large enough to describe the experimentally relevant defect

distances with DFT accuracy.

4.6.1. Conductance plots

The formation of bound states in the double defect systems lead to the

typical signatures of resonant tunneling in plots of the conductance versus the

electron energy. For the double defect systems which were investigated by a

combination of DFT and Green function calculations the conductance C was

calculated by:

C =
e2

h
Tr(ΓRGΓLG†), (8)

where G is the retarded Green function from above and the coupling matrices

ΓR/L are related to the retarded surface Green functions ΣR/L by:

ΓR/L = i(ΣR/L − Σ†R/L) (9)

The conductance plots for the different double defect systems shown in Fig. 4

of the main text are shown Fig. S7:
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Figure S7: Left column: Conductance plots (blue solid lines) for the (16, 0) SWNT with two

di-vacancies (see Fig. 4(a) of the main text), with a mono- and a di-vacancy (see Fig. 4(b)),

with two mono-vacancies (see Fig. 4(c)). The conductance of a pristine (16, 0) CNT is shown

as green dashed lines for comparison. Right column: Conductance plots (blue solid lines) for

the (17, 0) SWNT with a di-vacancy and a N-adatom (see Fig. 4(e) of the main text), with

a mono-vacancy and a N-adatom (see Fig. 4 (f)) , with two N-adatoms (see Fig. 4(g)). The

conductance of a pristine (17, 0) SWNT is shown as green dashed lines for comparison.
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