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ABSTRACT: Organic color-center quantum defects in semi-
conducting carbon nanotube hosts are rapidly emerging as
promising candidates for solid-state quantum information
technologies. However, it is unclear whether these defect
color-centers could support the spin or pseudospin-dependent
excitonic fine structure required for spin manipulation and
readout. Here we conducted magneto-photoluminescence
spectroscopy on individual organic color-centers and observed
the emergence of fine structure states under an 8.5 T magnetic
field applied parallel to the nanotube axis. One to five fine
structure states emerge depending on the chirality of the
nanotube host, nature of chemical functional group, and
chemical binding configuration, presenting an exciting oppor-
tunity toward developing chemical control of magnetic brightening. We attribute these hidden excitonic fine structure states to
field-induced mixing of singlet excitons trapped at sp® defects and delocalized band-edge triplet excitons. These findings
provide opportunities for using organic color-centers for spintronics, spin-based quantum computing, and quantum sensing.
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ovalent sp® defects of single-walled carbon nanotubes
‘ (SWCNTs), often referred to as organic color

centers,' are rapidly emerging as an important class
of materials for defect-driven quantum information technolo-
gies.2_6 These defects, created via covalent attachment of
various organic functional groups, support spatially localized
and optically active exciton states located 130—300 meV below

the band-edge transition.””®

Due to this deep trapping
potential, the trapped exciton can maintain characteristics of
a zero dimensional confined system and allow for high purity
single photon generation at room temperature (RT).G’9 Since
the trap states are created relative to the band-edge, their
emission energies can readily be tuned across the 1.3 to 1.55
um telecommunication wavelength range via attachment of
defects on SWCNTSs of larger diameters. In addition, solitary
sp® defect states have recently addressed long-standing
challenges that exist in SWCNT applications presented by
the diversity and complexity of the band-edge exciton
electronic structure.
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The electronic structure of semiconducting SWCNTs
originates from that of graphene and features a band gap
opening at two inequivalent K and K’ valleys of a two-
dimensional (2D) Brillouin zone. Enhanced Coulomb
interactions due to reduced dimensionality and low dielectric
constant lead to strong excitonic effects, whereby excitons can
be formed in singlet and triplet spin configurations. As a result,
SWCNTs are endowed with a rich series of 16 distinct band-
edge exciton states (4 singlets and 12 triplets).'~"> The
optically active odd-parity singlet exciton state is located at an
energy higher than the other even-parity singlet and 12 triplet
exciton states, all of which have symmetry forbidden optical
transitions (dark states). Consequently, the majority of
excitons relax to dark states, making the SWCNTs inefficient
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Figure 1. Magnetic brightening of hidden fine structure of localized exciton states (E;;*) in 4-methoxybenzene-functionalized (6,5)
SWCNTs. (a) Schematic of the experimental setup. DP: depolarizer, OBJ: objective, HWP: half-wave plate, and WP: Wollaston prism. (b—
d) Magneto-photoluminescence spectra of a single defect-state emission in magnetic fields up to 8.5 T, at a fixed temperature (4 K). The
single defect state at zero field remained unchanged in (b) or evolved into two or three emissive states in (c) and (d), respectively. The
underlying black and white false colored magneto-photoluminescence image, which is normalized to 1, is constructed to demonstrate
development of the emissive peak splitting (c,d) or maintaining a consistent single peak (b). (e) Statistics for the observation of one-, two-,
and three-peak spectra, based on a total of 50 individual SWCNTs, for which the tube axis is parallel to the magnetic field axis within +15°.
(f) Peak splitting occurrence from 4-methoxybenzene-functionalized (6,5) SWCNTs aligned to the magnetic field vs emission peak energies
(bottom) and energy shifts from E,, band edge emission (top). Magneto-photoluminescence study reveals that hybridization from spin
singlet and triplet quantum states can be found only in ortho Ly, binding configurations, where the energy level between the two quantum
states nearly match.
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light emitters with <1% photoluminescence (PL) quantum leve On the other hand, excitons trapped in the defects are

yield."'™'® As a result, understanding these dark transitions and
harnessing the dark exciton population for a variety of
optoelectronic applications have become a major theme in
SWCNT research for the past decade.”'*"* While an extensive
amount of research has been conducted toward understanding
and controlling singlet exciton states, only a handful of studies
have addressed the properties of the triplet manifold.'*'®"”
Since sp® defects are known to trap both bright and dark
excitons,”’ they allow effective harnessing of the dark excitons
and boost the PL quantum yield to ~16% on the ensemble

also expected to inherit the complex electronic structure of the
band-edge excitons. This excitonic fine structure capable of
reflecting spin and valley pseudospin degrees of freedom of
trapped excitons has never been investigated, to date. In
addition, how the fine structure states of the trapped exciton
couple to those of the band-edge excitons also presents an
interesting direction to explore.

Due to light carbon atoms in the sp® lattice, SWCNTs
exhibit a weak spin—orbit interaction (SOI). This, on one
hand, could provide desirable long spin coherence, but makes
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Figure 2. Energy splitting (A,) and coupling constant (i) and their statistics obtained from the two- and three-peak splitting behaviors of
Figure 1c,d. (a,b) Observed experimental excitonic fine structure splitting from two (a) and three (b) emissive quantum states extracted
from Figure 1c,d, respectively. A;(A,) denotes smaller (bigger) energy splitting from the magnetic-field-induced quantum states with
respect to the main PL peak as illustrated by spectra in the insets. The square of the fine structure splitting energies follows a linear
dispersion with respect to the square of the magnetic field. The corresponding slopes are ~0.393 meV/T nm’. The resultant zero field
splitting is ~0.89 meV. In the case of three peak splitting, the strength of the magnetic field dependence on the energy splitting is ~0.376
and ~0.693 meV/T nm”> and the zero-field splitting is ~1.01 and ~2.30 meV for A, and A,, respectively. (c,d) Zero-field splitting energies
and coupling constant occurrences extracted from quantum states observed in the magnetic field. Zero-field splitting energies are distributed
from ~0.41 to ~2.75 meV and coupling constants range from ~0.25 to ~0.84 meV/T nm’.

conventional optical spin manipulation difficult.'®"” Interest-
ingly, theoretical prediction of impurity-induced spin—orbit
coupling®® and recent reports on colossal enhancement of SOI
resulting from conversion of sp® to sp® bonds in sparsely
hydrogenated graphene”' suggest that the sp® defects may also
be able to provide a similar enhancement of SOI in SWCNTs.
Such enhanced SOI could allow for experimental optical spin
manipulation in SWCNTs. Additionally, this could also
introduce spin/pseudospin-dependent optical transitions,
which could potentially enable entangled photon generation
and quantum sensing applications.”* "

RESULTS AND DISCUSSION

Emergence of Excitonic Fine Structure under an
External Magnetic Field. Aiming to explore these
possibilities, we performed low temperature (4 K), single-
defect PL spectroscopy studies under 0—8.5 T magnetic field.
We investigated hundreds of individual sp* defects created on
SWCNTs of different chiralities [(6,5) and (11,0)] and
functionalized with different chemical functional groups: 4-
methoxybenzene, 3,5-dicholoro benzene, —CHj, and divalent-
CH, (the latter with the dopant carbon atom covalently bound
to two adjacent carbon atoms of the nanotube). The

schematics of these functional groups as well as the PL spectra
for band-edge and defect emission bands of functionalized
SWCNTs are summarized in Figure S1. Figure la illustrates
the experimental setup. Because the PL of the functionalized
SWCNTs is linearly polarized along the tube axis, we used the
orientation of linear polarization to determine the angle
between the tube axis and the direction of the applied
magnetic field (B-field) (See Figure S2). As in the case of the
band edge exciton, the magnetic field is found to affect the
defect-state PL spectra only when the tube axis aligns nearly
parallel to the direction of the B-field.">**™*" Figure 1b-d
displays three distinct, characteristic magnetic-field-dependent
behaviors observed in (6,5) SWCNTs functionalized with 4-
methoxybenzene. Out of 121 individual SWCNTSs probed, 50
tubes were found with their axes aligned within +15° of the
magnetic field, allowing for evaluation of the B-field effect on
individual defect states. PL spectra of 74% of the defect states
showed no change with an increase of the magnetic field (see
Figure 1b). A behavior similar to the band-edge exciton state,
namely the splitting of the defect associated PL peak into two
spectral features, with the low-energy peak gaining strength as
magnetic field increases, is observed in a small fraction (6%) of
the defects (Figure 1c).”>® The remaining 20% of the defects
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Figure 3. Quantum state intensity dependence on pump power. (a,b) Pump power-dependent spectra for cases of two- (a) and three-peak
(b) splitting at the highest magnetic field of 8.5 T. The applied excitation pump powers are indicated on each spectrum with a unit of kW/
cm?®. The examples of peak fitted spectral weights are shown in the colored spectral areas in the lowest pump power in (a) and the highest
pump power in (b). (c,d) Log—log plots of PL intensity as a function of the pump power density. The colors of circles match with the colors
of the peak fitted areas in (a) and (b). The coefficients of the log—log plots are close to 1, demonstrating that the quantum states induced

from the magnetic field originate from exciton fine structure.

display splitting of a single peak into three or more peaks, as
shown in Figure 1d and Figure S3 (see Figure le for a
summary of these statistics). Application of super-resolution
analysis (Figure S4) confirms that these peaks originate from a
single defect within < +10 nm accuracy. In both two-peak and
three-or-more-peak cases, all the additional peaks are linearly
polarized along the tube axis in the same way as the main PL
peak at zero field (Figure SS).

Each plot in Figure 1 and Figure S3 illustrates that the
relative intensities of low-, medium-, and high-energy defect
associated PL peaks, as well as the order in which they emerge
with an increase of the magnetic field, vary from one defect to
another. Figure 1f shows how defects showing one-, two-, and
three-or-more-peak behaviors distribute as a function of their
emission energy (lower axis) and energy shift from the Ej;
band edge exciton state (upper axis). Since covalent binding of
an aryl group requires capture of a balancing group (—H or
—OH) by one of the six nearby carbon atoms, aryl defects can
form six distinct chemical configurations, each having distinct
trapping potentials.” Our previous studies have shown that a
diversity of emission energies is found for functionalized (6,5)
SWCNTs, with defect-state emission observed in the range
0.918—1.233 eV. These arise primarily from binding
configurations in which the captured —H or —OH is located
one carbon atom away from the aryl group and oriented at
either 30° or 90° from the tube axis, “ortho Ls;”, and “ortho

Lgy” geometries, respectively (see schematic drawings in the
inset of Figure 1f).%" Interestingly, defects exhibiting two- and
three-peak splitting were observed only in the spectral range
expected for the ortho Ly, defects, indicating a strong
dependence of magnetic brightening behavior on this specific
chemical configuration.

Following the analysis employed in the studies devoted to
brightening of dark exciton in intrinsic SWCNTs,>**® we plot
the square of energy splitting for the two-peak and three-peak
cases, shown in Figure l¢,d, as a function of the square of B-
field strength in Figure 2ab. While the plot shows linear
scaling, extrapolation of the trend reveals that the peaks do not
converge to a single peak at zero field, indicating that these
peaks emerge as a result of brightening of dark, fine-structure
states located in close proximity to the bright states. Relative
PL intensities of the brightened states (i.e., PL of brightened
peak/PL of the main PL peak) plotted as the function of
magnetic field (Figure S6) also display a clear increase of
oscillator strength of the brightened states relative to that of
the main PL peak. Analysis of the 13 defect states displaying
two- and three-peak behavior revealed that the extracted zero-
field splitting values vary from 0.41 to 2.75 meV, with the peak
of the distribution occurring at ~1.0 meV (Figure 2c). The
coupling constants (u) extracted from the slope of the (AE)?
vs B? plot distribute over a range of 0.25—0.84 meV/T nm’
(Figure 2d). These p values fall in the same range as the
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Figure 4. Observed magnetic-field-induced excitonic fine structure from 4-methoxybenzene-functionalized (11,0) and 3,5-dichlorobenzene-
functionalized (6,5) SWCNTs. (a—c) Magneto-photoluminescence spectra of defect-state emission from a single 4-methoxybenzene-
finctionalized (11,0) SWCNT (a,b) and a single 3,5-dichlorobenzene-functionalized (6,5) SWNCT in (c). The 4-methoxybenzene quantum
defect state PL peaks split into two or three emission peaks in the relatively high fields, while the 3,5-dichlorobenzene defect state only splits
into two peaks in the highest magnetic field. The normalized 2D images from different types of chemical functionalized SWCNTs clearly
demonstrate the gradual side peak evolution at the low- or high-energy side in the magnetic fields. (d—f) Experimental energy splitting of
peaks in the magneto-photoluminescence spectra of (a—c). The zero field splitting energies (A,) and the coupling constants (u) are
extracted from the By vs AE? linear relation. (g,h) Probability of observing the magnetic field induced hybridization with one-, two-, and/or
three-peak spectra from a 4-methoxybenzene (g) and 3,5-dichlorobenzene (h) defect, out of 14 and 16 measured tubes, respectively.

proportionality constant for the field-induced Aharonov—
Bohm splitting reported for the band-edge excitons.'>**~*’
To further understand the nature of these brightened PL
peaks, we measured PL spectra as a function of laser pump
power at 8.5 T applied field (Figure 3a,b). While the pump
power-dependent PL spectra show changes in relative PL
intensities among the different peaks, log—log plots of PL
intensity vs pump power (Figure 3c,d) yield a linear
relationship with a slope of ~1 (0.75 to 1), indicating that
intensities of all the PL peaks scale approximately linearly with
the pump power. Notably, PL spectra resulting from quantum
cascade recombination of multiexciton states, such as biexciton
and three-exciton states, are known to exhibit nonlinear scaling

with pump power (e.g., quadratic scaling with a slope of 2 for
biexcitons). Thus, our observation of linear scaling indicates
that the brightened PL peaks are not related to these higher
order multiexciton states and must originate from the excitonic
fine structure.

Influence of SWCNT Chirality, Chemical Functional
Groups, And Binding Configurations on Emergence of
Excitonic Fine Structure. Finally, to understand how this
magnetic brightening behavior varies with the exact nature of
the attached chemical functional groups as well as with
chirality of the SWCNTs, we investigated defects created (1)
on (11,0) SWCNTs by functionalization with 4-methoxyben-
zene (MeO-Dz) and (2) on (6,5) SWCNTs by functionaliza-

https://dx.doi.org/10.1021/acsnano.9b09548
ACS Nano XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/10.1021/acsnano.9b09548?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.9b09548?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.9b09548?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.9b09548?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.9b09548?ref=pdf

ACS Nano

www.acsnano.org

tion with 3,5-dicholorobenzene (Cl,-Dz), methyl (CH;), and
methylene (divalent-CH,). In the case of MeO-Dz function-
alized (11,0) SWCNTs (Figure 4a,b,d,e), we observed both
two- and three-peak splitting behaviors in 14% of the total
defects for each case (Figure 4g). More interestingly, while
defect emission for (11,0) SWCNTs spreads over the range
from 0.947—0.974 eV, both two- and three-peak splitting
behaviors were observed only over the 0.947—0.960 eV range,
attributable to off-axis ortho Ly, configurations. On the other
hand, for (6,5) SWCNTs functionalized with Cl,-Dz, only
three out of 24 Cl)-Dz defects emitting in the ortho Ly,
emission range displayed two-peak splitting, while no three-
peak splitting behavior was observed. All CH; (10) and CH,
(12) functionalized (6,5) tubes show no B-field-dependent
splitting (Figure S7), which is consistent with an earlier report
on the SWCNT defects of the same functional groups.”® These
results, together with those reported in Figure 1b-d, indicate
that the selection of dopant molecular structure, binding
configuration, and tube chirality may be further exploited
toward controlling the magnetic brightening behavior.

Together, these findings point to the emergence of a
magnetic-field-dependent behavior that has never been
observed in SWCNTs. Particularly, the appearance of more
than two fine-structure features indicates that this phenomen-
on is different from the brightening of the dark band-edge
exciton by an Aharanov—Bohm flux reported in pristine
SWCNTs.">*~*” Furthermore, observation of the magnetic
brightening effect only in a small subset of sp* defects emitting
in the spectral band assigned to the ortho Ly, defect geometries
and the absence of such behavior in the ortho L, defect-state
emission band make the phenomenon more perplexing. A
plausible explanation of such behavior involves the energetic
alignment of the triplet potential energy surfaces (PES) in the
pristine region and the singlet PES in the functionalized region
of the SWCNT system (Figure S). Such alignment, together
with an applied external magnetic field, could lead to coupling
between the triplet free exciton and defect-bound singlet
exciton. The triplet states, as a result, are able to borrow
oscillator strength from the defect bound singlet exciton state
and participate in PL emission leading to the multipeak
features we observed. This coupling would depend critically on
the precise energetic alignment of the pristine triplet and
localized singlet excitons arising from functionalization.
Brightening of the triplet manifold thus would be observed
only in a subset of defects meeting this critical requirement. As
chemical functional groups and their binding configurations
are known to have a strong effect on the defect-state
energy,”>**” it becomes possible for these factors to directly
influence the magnetic brightening behavior as observed
experimentally in Figure 4.

Theoretical Models. To support this hypothesis with
modeling we use time-dependent density functional theory
(TDDFT, see Methods) to calculate energies of singlet and
triplet states in both pristine and functionalized SWCNTs. As
expected, a good energetic overlap between one of the pristine
triplet exciton states and singlet state for an exciton bound to a
defect in the ortho Ly, configuration is observed for (6,5)
SWCNT functionalized with monovalent functional groups
(ie, CHs Cl,-Dz, MeO-Dz) in Figure S8. However, no
alignment is observed for the divalent species (i.e, CH,). The
calculated energies of the singlet defect states for ortho Ls,
configurations are also observed to be substantially lower than
that of the pristine triplets, regardless of differences in

W
o
Qc
Qo ¢
OH 4-methoxy benzene

= Singlet PES *

|Sf>& |Tf> 2(Ar + Dy)
20,
|TI> sol Triplet PES
2(Aqg + Dg)
&
21,
)
Brightened
Transitions Original Transitions
VY

Figure S. Energy level diagram depicting magnetic field bright-
ening of hidden fine structure. The covalent defect brings the
potential energy surface of the singlet state (red line) down to an
energy close to that of the free triplet exciton (light blue line). As a
result, triplet states can mix with defect singlet states via SOI
(green double arrow) and can become optically active. Solid and
dashed horizontal lines show the bonding and antibonding state of
the singlet and triplet direct excitons considered in our four state
empirical model (see Methods).

functional groups. These misalignments suggest much weaker
coupling between triplet and singlet states and explains the
absence of magnetic-field-dependent behaviors reported in
Figure 1b and Figure S7. Overall, these computational studies
reinforce the plausible description of the emergence of spectral
fine structure in the presence of a magnetic field. However, the
relative energetics of singlet and triplet states is strongly
dependent on the nature of the density functional used and is
extremely sensitive to the fraction of the orbital exchange
present in the hybrid DFT models.*® Ultimately, our quantum-
chemical simulations lack the sub-10 meV resolution®
required to quantitatively describe the experimentally observed
B-field-dependent behaviors.

To further bolster our qualitative description, we con-
structed an effective empirical four-state Hamiltonian model.
Here, spin-singlet states of direct, defect-bound excitons in the
K and K’ valleys (ISgy), IS¢x)) are coupled to spin-triplet
states of free, direct excitons with zero spin projection along
SWCNT axis (IT), Tk ) via Rashba-type SOI arising from
broken reflection symmetry about the curved graphene plane
of SWCNT?' (see Methods). While such a curvature-induced
SOI has been shown to be too weak to couple singlet and
triplet states of free excitons, due to their large energy
separation, it could become sufficient to induce coupling and
hence brightening when the lowest energy triplet state is close
to resonance with the bright defect-bound singlet exciton state
(Figure S). Furthermore, the presence of the defects in our
SWCNTSs can further enhance the spin—orbit coupling, as it
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has been shown that hybridization of the carbon atoms with
impurities can lead to a strong enhancement of the SOI in
graphene.”"”!

Using the Hamiltonian described above, we calculated
energies and oscillator strengths for its eigenstates, which
reduce to the bonding and antibonding combinations of singlet
(Is8) = (IS&) £18¢,e))/~2)  and
(ITi) = (ITL) £ ITE  ))/N2) exciton states at zero field
and zero spin—orbit coupling. The calculations are performed
as a function of external magnetic field for three cases, where
the bonding state of a triplet free exciton (ITY)) and defect-
bound singlet exciton state, IS?), are perfectly aligned in energy
(Figure S9a,b) and misaligned by 6 meV (Figure S9¢,d) and 12
meV (Figure S9e,f), respectively. Our calculations indeed show
that the antibonding state of a defect-bound singlet exciton
1S), as well as the bonding state of a triplet free exciton, ITt),
can gain significant oscillator strength for perfect alignment
and small (6 meV) misalignment cases (Figure S9 a—d).

This simplified model, together with our TDDFT
simulations, rationalizes a possible route for emergence of
two- and three-peak spectral features that depends on ITf) —
1S3} energetic alignment, strength of spin—orbit coupling, and
153y — 1S?) bright-dark energy splitting for the defect state. For
example, when a triplet free exciton, |Ti>, and a defect bound
singlet exciton state, |S‘i>, are perfectly aligned in energy, the
theoretical prediction in Figure S9a,b can adequately explain
the experimental observation of three-peaks in Figure 1d. A
more sophisticated theoretical model, however, is necessary to
explain all the experimental observations. For example, in
addition to four of the 16 possible combinations of free triplet
and defect-bound singlet exciton states considered in this
model, triplet exciton states with +1 spin projection as well as
indirect excitons are also expected to be in the vicinity of the
singlet defect-bound bright exciton. Brightening of these other
states could lead to more complex spectral features, such as the
five-peak feature illustrated in Figure S3b. Furthermore, while
we assume that the defect-bound excitons fully inherit the
energy level structure of the band-edge exciton, with the dark
IS2) state residing below the bright IS?) state, recent studies
have revealed some indication that this order could be
reversed.”®*” Such reversal may explain why most defects
display a single spectral peak, regardless of magnetic field.

triplet

CONCLUSIONS

In conclusion, we report a single tube, low-temperature
magneto-photoluminescence spectroscopy study revealing
excitonic fine structure of individual sp® defects in covalently
functionalized SWCNTSs. We observed that magnetic bright-
ening of the fine structure varies from one defect to another
and manifests only on a subset of SWCNTs. To rationalize
these results, we propose coincidental alignment between
potential energy surfaces of free triplet excitons and defect-
bound singlet excitons as a plausible mechanism. An applied
magnetic field then induces coupling between these states,
allowing for oscillator strength from the defect state to be
shared with the nearby triplet states, which gives rise to the
emergence of additional emission peaks. This augments the
diversity of tunable electronic features appearing in function-
alized SWCNTs by adding capacity for manipulating spin
degrees of freedom via a magnetic field, which could provide
opportunities to explore the poorly understood triplet manifold
of SWCNTSs. The latter spin states have potential technological

applications ranging from classical and quantum light
generation to quantum sensing.

METHODS

Covalent Functionalization of SWCNTs. The (6,5) chirality
enriched SWCNTs were isolated from CoMoCAT SG6Si (Southwest
Nanotechnologies, lot no. SG65i-L39) via aqueous two-phase (ATP)
extraction®” or gel chromatography.”® Samples enriched in the (11,0)
chirality were obtained from CoMoCAT EG150X (Southwest
Nanotechnologies, lot no. L4) via a DNA-based ATP separation.**
The purified SWCNTs were stabilized in 1 wt/v% sodium dodecyl
sulfate (Sigma-Aldrich, >98.5%) for subsequent functionalization. 4-
Methoxyaryl and 3,5-dichloroaryl defects were introduced by
diazonium reactions.>*'* To create —CH,; and divalent —CH,
defects, we used a previously reported alkylation chemistry.” The
successful functionalization of SWCNTs was confirmed by the
evolution of defect PL peak using a NanoLog spectrofluorometer
(HORIBA Jobin Yvon). After the functionalization, the SWCNTs
were stabilized by 1 wt/v% sodium deoxycholate (=97%, Sigma-
Aldrich) in aqueous solution.

Single Nanotube Magneto-Photoluminescence Spectros-
copy. Magneto-photoluminescence measurements of individual sp
defects were performed using a variable-temperature confocal
microscope built inside the room-temperature bore of an 8.5T
superconducting magnet. To investigate the effect of the magnetic flux
threading the nanotube axis, magneto-photoluminescence spectros-
copy was carried out under a Voigt geometry, in which the magnetic
field is parallel to the sampling surface but is perpendicular to the
direction of excitation light propagation. This geometry is achieved by
using the specially designed sample holder shown in the inset of
Figure 1la. The samples were mounted in a liquid-helium-flow cryostat
in a home-built microscope. An infrared 50X objective (Mitutoyo)
with N.A. = 0.42 is used to excite the individual SWCNTSs with a
continuous-wave (CW) Ti-Sapphire laser with an average power
density of 2 kW/ cm?. The wavelength of the laser is tuned to 854 nm
to be in resonance with the phonon sideband of the E;; band-edge
exciton. The laser excitation was depolarized to excite all the
SWCNTs regardless of their orientation. The PL image and spectra
were acquired with a liquid-nitrogen-cooled InGaAs 2D detector array
camera mounted on a 320 mm spectrograph (Princeton). To
determine the orientation angle of each SWCNTSs with respect to
the magnetic field, we measured the linearly polarized emission using
a half-wave plate.

Quantum Chemistry Modeling. To calculate singlet and triplet
excited state energies, we applied a previously developed quantum
chemical methodology for functionalized SWCNTs based on a
density functional theory (DFT) and time-dependent DFT
(TDDFT) approach.*>*® Briefly, pristine SWCNTs of (6,5) and
(11,0) chiralities were generated with TubeGen software.”” The caps
of the systems were terminated with hydrogen atoms and methylene
groups in ratios sufficient to eliminate superfluous midgap states as
previously described.®® The two distinct defect geometries were
generated by placing the functional group of interest and a hydrogen
atom in either ortho Ly or ortho Ly, positions. The geometries of the
resulting structures were optimized using DFT with the range-
corrected CAM-B3LYP density functional and STO-3G basis set as
implemented by the Gaussian 16 software.*® Such methodology has
been used in the past due to its relative success describing electron
localization in functionalized SWCNTs.>>*® Since emission originates
from an excited state, the excited-state geometries were also optimized
with TDDFT with the same functional and basis. Subsequently,
vertical transition energies for both singlets and triplets were
calculated with TDDFT. This procedure was previously applied to
both pristine and functionalized SWCNTs successfully.*”*® Energies
acquired from the pristine SWCNTSs represent the energetic levels
distant from the defect, while energies acquired from the function-
alized SWCNTs represent the excited states in the vicinity of the
defect.
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Effective Empirical Hamiltonian Model. The effective Hamil-
tonian, written in the basis of states, ISty), 1S3 ), ITE), and 1T ), is

Ay +ud —E, A +Dy 2 O
Ay + Dy Ay —p® — Ey =22, =2l
"= 205 0 ud® Dy
0 —25 Dy —ud (1)

where @ is the magnetic flux threading the cross-section of the
nanotube, p is a coeflicient for the Aharonov—Bohm splitting, D
describes the spin-independent part of the intervalley coupling, A
describes the electron—hole exchange interaction (for the microscopic
origin of D and A for a free exciton, see refs 10 and 39), and A
describes the spin—orbit coupling. All these interactions are short-
range, and corresponding constants can be different for the defect-
bound and free one-dimensional excitons denoted by subscript/
superscript d and f, respectively. We assume Ay,Dy, and y to be the
same as the values of free excitons and estimate the values of i to be
0.93 meV/T nm? measured for (6,5) nanotubes and 2(A; + Dy) to be
~6 meV based on refs 40—42. E, is estimated to be ~146 meV from
the difference between emission energies of the defect state (~1.094
eV) and the band-edge exciton (E;; = 1.24 eV). If we assume that the
spin-singlet state of the localized bonding exciton, IS?) is in resonance
with the spin-triplet state of the free bonding exciton, IT%), then we
will have 2A; = E4 ~ 73 meV. Using 2(A¢ + Dg) ~ 6 meV, Dy is
estimated to be ~ —70 meV. We then assume Dy = Dy and Ay = Ag.
Rashba-type, spin—orbit coupling, Ay, originates from a curvature-
induced displacement of the p-atomic orbitals forming the 7 band
giving rise to a radial electric field, which circulating electrons
experience as a magnetic field proportional to the azimuthal
component of their momentum. The strength of this orbit-like
coupling is estimated as ~0.3 meV/d (nm) for coupling between free
singlet and triplet excitons. In our case, we set this term to a realistic
value of 0.5 meV, as it is expected to be enhanced by the presence of
defects. The Hamiltonian is diagonalized numerically at a given
magnetic field, and the resulting eigenvectors are projected onto the
zero-field bonding combination of spin-singlet exciton states in order
to find the oscillator strength.
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