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Abstract

We present a first-principles many-body perturbation theory study of nitrophenyl-
doped (6,5) single-walled nanotube (SWCNT) to understand how sp3 doping impacts
the excitonic properties. sp3-doped SWCNT are promising as a class of optoelectronic
materials with bright tunable photoluminescence, long spin coherence, and demon-
strated single-photon emission (SPE), motivating the study of spin excitations. We
predict that the dopant results in a single unpaired spin localized around the defect
site, which induces multiple low-energy excitonic peaks. By comparing optical absorp-
tion and photoluminescence from experiment and theory, we identify the transitions
responsible for the red-shifted, defect-induced Ej,; peak, which has demonstrated SPE
for some dopants; the presence of this state is due to both the symmetry-breaking
associated with the defect and the presence of the defect-induced in-gap state. Fur-
thermore, we find an asymmetry between the contribution of the two spin channels,

suggesting this system has potential for spin-selective optical transitions.

Semiconducting single-walled carbon nanotubes (SWCNTSs) containing sp? quantum de-
fects comprise a promising class of materials for applications in quantum telecommunication
and optoelectronics. ' The strong exciton binding within the SWCNT, %5 along with exci-
ton trap formation by the defect states,®” lead to a bright, well-resolved photoluminescence
(PL) and for some particular defects, room temperature single-photon emission (SPE) with
purity of up to 99%.81° In addition, the dephasing time (T2) for a spin localized near the
sp? defect site can reach the microsecond range, with intrinsic T2 predicted to be in the
millisecond range.!' This high T, value coupled with the tunable, bright emission from a
single site, renders this class of materials promising as optically-addressable qubits and other
quantum applications.

The presence of SPE depends on the size and chirality of the tube, as well as the chemical
structure of the dopant, and so understanding the fundamental properties of these materials
provides a potential for material design. The sp? defect can be incorporated into the SWCNT

by a diazonium reaction,'? with a degree of control over the attached functional group and



defect density. This synthetic flexibility allows for tuning of its PL energy, emission intensity,
excited state lifetime, and exciton-phonon coupling. > While the SWCNT consists of only
carbon sp? bonds, with delocalized 7 states responsible for low-energy excitations, the defect
introduces an sp? bond and a localized defect potential. The trapping energy associated with
this state is ~ 100 meV, much larger than kzT, which leads to room temperature SPE, !
and the weak electron-phonon interactions in the tube explain the high purity of the emitted
emitted exciton. Improving SPE yield requires maximizing the trapping potential while
maintaining the exciton coherence, and thus, understanding the nature of the exciton.
Experimentally, the presence of an sp® defect results in a bright red-shifted PL peak,
which has exhibited SPE properties.®1? This is illustrated for the case of (6,5) SWCNTs
doped with a nitrophenyl (NPL)-functional group in Fig.1a. Here, a low energy peak, Ef;,
is introduced via the defect at 1150 nm (~ 1.1 eV), redshifted by 0.17 eV from the pristine
SWCNT peak, Eq;, which is expected to originate from transitions of the 7 orbitals of
the SWCNT. For some doped SWCNTSs, the symmetry breaking induced by the dopant is
proposed as the source of E};.1672° For these systems, the dopant does not introduce a trap
state or unpaired spins into the electronic structure of the tube but causes the degenerate 7
states to split in energy, resulting in one lowered and one higher energy transition. However,
when unpaired spins and trap states are introduced, there may be a more complex nature to
the Ej; transition. We recently demonstrated with a combination of modeling and electron
paramagnetic resonance (EPR) measurements that within the (6,5) SWCNT, sp? defects can
result in a single unpaired spin near the sp? site, introducing an electronic state within the
bandgap of the SWCNT and a magnetic moment into the system.?! The physical origin of
E}; in this case is unknown and may be due to correlation of spin and optical excitations.
In this letter, we simulate the optical absorption and emission spectrum of NPL-doped
(6,5) SWCNT using a combination of many-body perturbation theory within the GW/BSE
approximation and constrained density functional theory (CDFT). CDFT describes the

structural relaxation in the excited-state (Stokes shift), while GW/BSE allows us to an-
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Figure 1: a) Measured and b) simulated absorption and PL spectra for pristine and
nitrophenyl-doped (6,5) SWCNT. The peaks E;; and E7; in the simulated absorption corre-
spond to Peaks 4 and 3, respectively, in Figure 3b).

alyze the nature of the low-energy excitons. We determine that while the defect introduces
low-energy excited states into the optical absorption spectrum of the SWCNT, the Ej, peak
can be attributed to a predominantly band-like transition of a symmetry broken nature. We
demonstrate that the competing spin channels lead to a new nature of the exciton when
compared with the pristine material.

Figure 1b shows the predicted optical absorption and PL spectra of NPL-(6,5) SWCNT
within the experimental energy window for a defect concentration of 250 pum~'. Both ab-
sorption and emission show two main peaks within this window, which we label E;; and
Ej; in the Figure. We note that the measured optical absorption does not show the Ej;
peak, likely due to the low defect density in experiment, which makes this transition weak.
The predicted absorption peaks occur at 1050 nm (1.18 eV) and 1200 nm (1.03 V), while
predicted emission peaks are located at 1075 nm (1.15 eV) and 1190 nm (1.04 eV), in reason-
able agreement with the measurement at 975 nm (1.27 eV) and 1150 nm (1.08 eV). The 30
meV red-shift of the Eq; peak from absorption to emission is due to atomic relaxation upon
electronic excitation (Stokes shift). The relatively large excited state reorganization com-
pared with the pristine tube (~ 9 meV) is due to symmetry breaking at the sp? site.?*?3 As

seen from both theory and experiment, in absorption, the relative intensity of E;; is higher



than Ej; , while this trend is reversed in PL. There are two reasons for this change in the
relative intensity. From Kasha’s rule, an exciton relaxes from the higher energy degenerate
excited states to the lowest energy state resulting in an increase in the population of the
lowest energy excited-state. In addition, the transition dipole moment associated with the
excited-state changes due to the change in geometry and the nature of the excited-state.
While experiment captures both phenomena our calculations capture the latter.

There is a notable discrepancy between theory and experiment in the peak energy and
broadening. This can be explained by the relatively large defect concentration in our
simulation (250 pm™!), which is one to two orders of magnitude larger than experiment
(~ 5 —40 pm~1)?* As discussed below, we expect that overdoping the SWCNT leads to
a a large energy splitting within the bands due to symmetry breaking, with a blue-shifted
E;; and red-shifted Ej; transition. This hypothesis is corroborated by experimental results
which show that a larger energy splitting between E;; and Ej; peaks is observed with in-

creasing defect density?*20

along with broadening of E;; and Ej; peaks; upon overdoping,
those peaks are no longer well-resolved. 35 We expect that, for calculations at low defect
concentration, less pronounced defect-induced symmetry breaking will result in E;; and Ej,
energies closer to experiment and diminished intensity of peaks below 1 eV. Nevertheless,
at this defect concentration, we capture the peak energies within 0.1 eV of experiment, and
intensity reversal of the peaks between absorption and emission, providing evidence that the
predicted peaks are those of the experiment.

To better understand the nature of these two peaks and the impact of the defect, we plot
the bandstructure and optical absorption spectrum for pristine and NPL-doped SWCNT in
Figures 2 and 3.

For the pristine (6,5) SWCNT, the mirror symmetry present in the underlying graphitic
structure with two nearly-equivalent carbon atoms leads to a two-fold degeneracy within the

m-type near-gap states (Figure 2a). We predict a band gap between occupied and unoccupied

states of 2.09 eV. This is larger by 1.12 eV when compared with DFT-LDA previously



reported by us?” because of the more accurate description of electron correlation effects
within many-body perturbation theory. These near-gap states lead to m-7 transitions with
strong exciton binding of 1.07 eV. There is a single bright transition at 1.09 eV, red-shifted
from the experimentally measured lowest energy absorption peak at 1.27 eV, which may be
corrected by improving the underlying assumptions within GW/BSE.?® The excitation is
a linear combination of two nearly- degenerate valence bands (VB1, VB2) and conduction
bands (CB1, CB2) and similar to the (8,0) SWCNT, only the second excited-state is bright
due to symmetry.?? Since the lowest energy optical transition is a linear combination of
these four delocalized m-states, the exciton wave function is delocalized spanning over two
unit cells as shown in the density plot Figure 2c. Assuming a Gaussian distributed wave
function form,® we obtain the standard deviation of the exciton density to be 1.3 nm and

the full-width half maximum of the distribution to be 3.1 nm.
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Figure 2: The bandstructure and excitonic properties of pristine (6,5) SWCNT. a) The
quasiparticle band structure with the transition character of the lowest energy exciton indi-
cated. b) The optical absorption spectrum with the lowest energy bright transition labeled
Ei11. ¢) A representation of the delocalized exciton wave function plot associated with the
Eq; transition.



The defect modifies the quasiparticle band structure of the tube in two main ways as
shown in Fig. 3a. First, a singly occupied mid-gap defect band with exchange splitting of
1.1 eV is introduced. The occupied spin up (unoccupied spin down) defect band is 0.30 eV
(1.41 eV) from the pristine-like valence band maximum. Second, the degeneracy at pristine-
like band edges (valence bands VB1, VB2 and conduction bands CB1, CB2) is broken. The
degeneracy splitting in the valence band is 80 meV, while in the conduction band the splitting
is 40 meV. Both these features contribute to new transitions in the absorption spectrum as
highlighted with the color-coded arrows in the bandstructure.

There are multiple spin-conserving transitions that are traversed, resulting in four peaks
at 0.70 eV, 0.88 eV, 1.04 eV, and 1.18 eV (labeled transition 1-4 in Figure 3b), instead of
the single bright peak at 1.1 eV in the pristine tube. We note that Peaks 3 and 4 correspond
to the Ej; and Ej; transitions for Figure 1. The lowest energy exciton binding energy is
1.09 eV, similar to that in the pristine tube. Peaks 1 and 2 are mainly of defect-to-band
and band-to-defect character, Peak 4 is mainly of band-to-band character, and Peak 3 is a
combination of both. While Peak 4 is of band-to-band character, it is blue-shifted from the
pristine peak at 1.09 eV. This is likely due to quantum confinement of the exciton at high
defect concentrations as discussed later.

Because the defect state is singly occupied with a significant spin exchange splitting
between spin channels, there is unequal participation of spin-conserving transitions in Peaks
1-4. While the lowest excitation energy required for a valance bands to the unoccupied defect
band excitation is 1.4 eV, the energy required to excite the defect band to the conduction
bands is 1.8 eV resulting in larger contributions from the 3 spin channel for excitations with
defect character. This asymmetry is strongest in Peak 1, and decreases but is present up
to energies of < 1.3 eV. We anticipate that this asymmetry will be reduced as the defect
concentration is increased because of the lowered impact of the defect state.

To quantify the localization of excited-states that result in Peaks 1-4, we fit the exciton

wavefunction of all transitions associated with a given peak to a Gaussian function and



quantify delocalization from the standard deviation of the function. In general, the standard
deviation is ~1.2 nm for delocalized excitons (similar to the pristine distribution of 1.3 nm)
and ~.25 nm for localized excitons with significant defect character. For Peaks 1 and 2,
fitting the exciton states to a Gaussian results in a standard deviation range of 0.2-0.3 nm,
indicating loclized defect-centered excitons dominate these peaks. For Peaks 3 and 4, fitting
results in a mix of standard deviations, ranging from 0.2 - 0.3 nm for localized states and
1.1 - 1.4 nm for more delocalized states. The majority of states contributing to Peak 3 are
more localized while those for Peak 4 are more delocalized, indicating that the exciton goes

from defect-localized to pristine-like as the energy of the excitation is increased.
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Figure 3: Excitonic and optical properties of nitrophenyl-defective (6,5) SWCNT. a) quasi-
particle band structure showing a mid-gap defect band and a band gap of 2.1 eV. Solid
(dotted) line corresponds to spin up (down) bands. The defect band is only singly occu-
pied. b) optical absorption spectrum with the lowest bright energy transitions labeled with
the transition character depicted in a). c) localized, delocalized exciton wave function plot
associated with the transition 3, 4. Contribution from spin up, sl, is shown in red and spin
down, s2, in blue. Blue dot corresponds to the chosen hole position, which was determined
to be a high probability location.

Focusing on the E;; and Ej; peaks, we plot the exciton wavefunction associated with



one representative transition in Figure 3c), showing both the spin up (red) and down (blue)
channels. Peak 3 (E7,) is composed of localized spin down and delocalized spin up transitions
with the spin down transitions having a stronger weight in the wavefunction, while Peak 4
(E11) is a combination of localized and delocalized transition for both up and down spin
with smaller difference between spin channels. Qualitatively, excitons associated with Peak
4 are more delocalized than those in Peak 3. Delocalization of the exciton around the hole
position is characteristic of the pristine tube lowest energy transition. Peak 3 has more defect
character mixed in and therefore is more localized compared with Peak 4.

For photoluminescence, where the structure of the doped tube relaxes upon a @ = «
transition. Upon excited state geometry relaxation, excitons associated with both E;; and
Ej, become more delocalized. To understand the relative delocalization, we define the pa-
rameter 7, defined as the fraction of m — 7-like transitions to the overall transition averaged
over all excitonic states contributing to each peak (see SI Section S2 for details). An n value
of 1 indicate the peak is fully m — m-like and an 7 value of 0 fully defect-centered. For Peak 3,
upon absorption 7 = 0.38 (see Table 1), indicating that the majority of the states making up
the peak are localized defect-centered transitions, while at emission n = 0.59, a 55% increase
in delocalization with the majority of states delocalized in nature. Peak 4 displays a delo-
calized nature for both absorption and emission, with 7 = 0.70 and 0.75, respectively, with a
7% increase in delocalization upon emission. Upon structural relaxation in the excited state,
each peak is more delocalized with a 12% increase across both peaks, indicating that the
structure rearranges such that transitions are more pristine, n-like excitations. This finding
suggests that delocalization of the exciton results in higher intensity, presumably due to the
greater overlap between electron and hole.

We note that the excitation energy, transition dipole moment, and spin-dependence of
these low-energy transitions depend on defect density. Increase of defect concentration leads
to quantum confinement of the exciton wavefunction as well as enhanced symmetry break-

ing due to the defect when compared to experiment. In our simulations, there is one singly



Table 1: The fraction of delocalization within the exciton wavefunctions averaged over
all states (n) that make up Peaks 3 and 4 for the absorption and emission spectra. The
respective peak energy range is shown.

Peak energy range (eV) 7
absorption 3 0.99-1.08 0.38
emission 3 0.97-1.10 0.59
absorption 4 1.13-1.31 0.70
emission 4 1.13-1.29 0.75
absorption | 3-4 0.99-1.31 0.58
emission 3-4 0.97-1.29 0.65

occupied defect band for two valence and conduction band-edge states, resulting in over-
estimation of participation from the defect band. We can see evidence of the defect-defect
interactions because the localized exciton wavefunction has significant weight on multiple de-
fects (indicating exciton band formation). Additionally, a confinement potential associated
with the presence of multiple defects localizes the pristine-like exciton and shifts excitation
energy up. At large defect density, defect-localized states contribute more significantly to
the absorption process compared with transitions from the pristine tube w-states resulting
in multiple defect-centered transitions. Experimentally, this structural heterogeneity due to
overdoping leads to inhomogeneous broadening and diffused SWCNT-centered transitions
resulting in unresolved absorption spectrum reported for high sp?-defect density.®1° Thus,
the lack of peaks 1,2 in experimental measurements can be explained through both the
smaller defect concentration and inhomogeneous placement of sp?-defects. We anticipate
that experimentally, high concentration of defects that are nonuniformly spaced will result
in a range of dark states below 1 eV in contrast to well-resolved peaks 1,2 predicted in our
periodic calculations.

In summary, we investigated the origin of the red-shifted emission peak, Ef;, in sp?-
defective (6,5) SWCNT with an unpaired electron near the defect site. The introduction
of the sp?-defect introduces local geometric perturbation near the sp? defect site breaking
the sp® symmetry. The consequences of this symmetry breaking is two fold: 1) introduction

of a spin-split defect band; and 2) increased electron-phonon coupling. Both contribute to
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funneling of oscillator strength from the E;; to Ej; state, which can be significant in the high
defect concentrations studied here. Analysis of the bandstructure and excitonic properties of
the doped-SWCNT indicate that the spin-split defect band leads to asymmetry between the
contribution of the two spin channels, with one spin channel leading to localized excitons,
while the other leads to delocalized pristine-like excitons. This finding indicates that this
material, with a single unpaired electron and possible spin-selective optical transitions is
promising for an optical addressable spin qubit. Future studies of defect-density dependence

and spin selectivity are needed to understand the impact of the defect state.

Supporting Information

See supplementary material for BSE convergence study, how localized exciton character (n)
in the presence of the defect was calculated, and examples of 3 transitions representative of

Peaks 1, 3, and 4.
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Computational Details

The ground-state electronic structure of the SWCNT system and its spin properties was
simulated by spin-polarized DFT with LDA functional within the VASP package?’3? with
core electrons and nuclei described by the projector-augmented wave method (PAW).33:34
Scalar relativistic effects were included in the PAW. The SWCNT system was placed in an
orthorhombic unit cell with 10 Aof vacuum added around the aperiodic directions. In VASP,
we used a plane wave cutoff energy was 400 eV with a I'-centered k-point mesh of 1x1x2. All
structures were optimized such that forces between atoms were smaller than 0.01 eV/A. The
resulting geometry optimized lattice vectors were a = 20 A(32.5 A), b = 20 A(20 A), ¢ =
40.45 A(40.45 A) for the pristine (defective) system. The geometry of the system was relaxed
within LDA, with the periodic c-vector in good agreement with previous tight-binding33:3¢
and DFT3738 calculations. The magnetic moment was initialized at a high value (5 uB) and
allowed to optimize during the self-consistent process, resulting in a net magnetic moment
of 1 uB, in agreement with our previous computational and experimental studies.?!

To simulate structural relaxation upon excitation, we constrain the occupation of the
electronic states corresponding to a neutral excitation via constrained DFT (CDFT) within
the VASP package using the same energy and forces convergence criteria as the ground state.
The occupation was fixed to one of four transitions described in Table S1 associated with
valence to conduction band-like (VB1-CB1), valence band to defect-like (VB1-DF, VB2-DF)
and defect to conduction band-like (DF-CB) transitions. To describe the photoluminescence
associated with E;; and Ej; in Figure 1, we use the VB1-CB1 occupation because this is the
dominant character of these peaks.

Quasiparticle and optical properties were described by the G, W,@QLDA approximation 3%
and Bethe-Salpether equation (BSE)%''? within the BerkeleyGW package.®® MBPT has
been shown to accurately describe defect energetics within a variety of materials.** Initial

wavefunctions were generated from the Quantum Espresso package*® with Troullier-Martins

norm-conserving pseudopotentials®® using a psudopotential cutoff of 60 Rydberg. To sim-
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ulate absorption, we apply the GW/BSE approach to the ground state structure while for
photoluminescence, we apply GW/BSE to the DFT-relaxed structure. The CDFT-BSE
method has been applied successfully to understand the PL of other defective semiconduct-
ing SWCNTs.2%22 The number of unoccupied states that build the dielectric function and
self-energy operator was 5000 bands, 20.0 and 22.65 eV above the valence band maximum
for the pristine and NPL-doped SWCNT respectively, with a 1 x 1 x 2 k-point mesh. The
BSE was solved with a 16 valence and 16 conduction states. In order to capture the excitonic
effects of both the pristine and defective tube the BSE was computed within a 1 x 1 x 16
k-point mesh, with the quasipartcle energies interpolated onto this finer grid. This allows the
exciton to delocalize for upto 16 cells (64 nm) in real space. To avoid spurious interactions
between aperiodic directions, the Coulomb potential was truncated along the a and b lattice
vectors at half of the unit cell length*”

To save disk space during exciton wavefunction visualization, this supercell was reduced
to 1 x 1 x 2 for the plot of the exciton wavefunction. For the sake of visualization, the hole
was localized on a high probability position and the resulting electron density plotted. The
likely position for the hole corresponds to the likely orbital from which the electron has been
excited out of, which is either out of the SWCNT valence 7-like orbitals or the defect state,
or a linear combination of both. Thus, we sample ~ 45 hole positions near the defect sp3
site as well as directly above the C atoms of the tube to determine the highest probability
location. We tested the extent of delocalization (as quantified by the parameter n) for both
absorption and emission and found consistent trends to Table 1. The plots shown in Figure 3

place the hole near one of the highest probability locations.

Experimental Details

The (6,5) SWCNT raw material (Sigma-Aldrich SG65i, >95% ) was dispersed in 1 wt %

aqueous sodium deoxycholate (DOC) solution via tip sonication at an output power of 5
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W/mL (Sonics, model GEX 750) in an ice water bath for 1 hour. The sonicated suspen-
sion was subsequently ultracentrifuged at 16000 rpm for 2 hours at ambient temperature
(Beckman-Coulter Avanti J-E high-speed centrifuge SW-32Ti swing-bucket rotor) to remove
large bundled SWCNTSs as well as impurities. Single-chirality (6,5) SWCNTs was sorted
through two-step phase separation method from the supernatant as reported previously,®
and then transferred into 1 wt% sodium dodecyl sulfate (SDS) solution through pressure
filtration (Millipore Amicon stirred cell with ultracel 100 kDa cellulose membrane).*® The
samples were then diluted to an optical density of 0.16 at the E;; absorption peak of (6,5)-
SWCNTs by 1 wt% SDS solution. 0.425 mg of 4-nitrobenzenediazonium tetrafluoroborate
(C6H4N302 - BF4, Sigma-Aldrich, 97%) was dissolved in 1 mL of acetonitrile (ACN, Sigma-
Aldrich, 99.8%). This stock solution was diluted by a factor of 75 using DI water and then
150 pL of the diluted solution was added into 10 mL of diluted CNT solution. The mixture
was kept in the dark and stirred under 300 rpm for 26 hours. The degree of functionalization
was monitored by photoluminescence spectrum using a Nanolog spectrofluorometer (Horiba

Jobin Yvon) equipped with a liquid-N2-cooled InGaAs detector.
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