sp3-Functionalization of Single-Walled Carbon Nanotubes Creates Localized Spins
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ABSTRACT

Chemical functionalization-introduced sp® quantum defects in single-walled carbon nanotubes
(SWCNTs) have shown compelling optical properties for their potential applications in quantum
information science and bioimaging. Here, we utilize temperature- and power-dependent electron
spin resonance measurements to study the fundamental spin properties of SWCNTs functionalized
with well-controlled densities of sp* quantum defects. Signatures of isolated spins that are highly
localized at the sp® defect sites are observed, which we further confirm with density functional

theory calculations. Applying temperature-dependent linewidth analysis and power-saturation



measurements, we estimate the spin-lattice relaxation time 77 and spin dephasing time 7> to be
around 9 ps and 40 ns, respectively. These findings of the localized spin states that are highly
associated with the sp® quantum defects not only deepen our understanding of the molecular
structures of the quantum defects, but could have strong implications for their applications in

quantum information science.
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INTRODUCTION

Controlled chemical functionalization is an effective approach to create optically-active quantum
defects in semiconductor single-walled carbon nanotubes (SWCNTSs).!** By introducing a deep-
lying electronic state within the bandgap, diffusive excitons that would originally have been
consumed at quenching sites become captured by the quantum defects, allowing effective
recombination to occur.”® Through this approach, a significant enhancement in the
photoluminescence quantum yield has been demonstrated.! % ° The localized excitonic state also

10-12

diminishes the occurrence of multiexciton emission, and enables the observation of single

photon emission from the defect sites at room temperature.'*!> Due to their mechanical stability

and compatibility with microfabrication techniques, chemically-functionalized SWCNTSs can be

readily integrated into photonic and optoelectronic devices. 62

SWCNTs also support fascinating spin properties that may facilitate their applications for spin-

23,24

qubits and spintronics.?> 2 Due to the weak spin-orbit coupling and the absence of nuclear



spins in the dominant '>C isotope, SWCNTs are predicted to support long spin coherence times.?”:

24.29 mechanical,*® *! and microwave photonic®*

28 Coupling of spin states in SWCNTs to valley,
33 degrees of freedom has been proposed as enabling techniques for spin qubit manipulation and
detection. Another intriguing approach for spin manipulation is to leverage spin-photon

interactions,>*¢

which could provide means for improved manipulation time and direct integration
with photonic networks. The realization of this scheme, however, relies heavily on the confinement

of electron spins to form a quantum two-level system, a property that is extraneous to one-

dimensional SWCNTs.2®

Here, we investigate the spin properties, including their dynamics and wave function localization,
in (6,5)-SWCNTs. Our temperature- and power-dependent electron spin resonance (ESR) studies
reveal a striking difference between pristine SWCNTSs and those chemically functionalized with
sp® quantum defects. While negligible ESR response is observed for the pristine SWCNTs,
signatures of localized spins isolated from each other can be detected in the functionalized
SWCNTs. Our comparison of the quantum defect and localized spin densities suggests the
quantum defect-related origin of the spins, which is further confirmed by our density functional
theory calculations. The spin-lattice relaxation time 77 and spin coherence time 7> of the localized
spins are estimated to be around 9 ps and 40 ns, respectively. These findings are highly relevant
to the understanding of spin-photon interactions in SWCNTs and may expand their potential

applications in quantum information science.

RESULTS AND DISCUSSION



We utilize the diazonium salt doping method to introduce sp® quantum defects onto the sidewalls
of (6,5)-SWCNTs (see Methods for the detailed doping procedure).? 3’ The doping progress and
the corresponding quantum defect density can be controlled by monitoring the photoluminescence
(PL) spectra of the SWCNTs. Fig. 1b shows a representative PL spectrum of (6,5)-SWCNTs
chemically functionalized by 4-nitrobenzenediazonium tetrafluoroborate (NO»-Dz, sketch shown
in Fig. 1a). The introduced sp® quantum defects manifest themselves as deep trapping states (E;;)
giving rise to a bright PL peak that is red-shifted by around 170 nm from the original £ peak in

the pristine SWCNTs. To ensure sufficient signal-to-noise ratio in the ESR measurements, the
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Figure 1. (a) The structures of a pristine (left) and 4-nitrobenzenediazonium tetrafluoroborate
functionalized (NO2-Dz-) SWCNTs (right) together with their corresponding band-edge energy
levels. (b) A representative photoluminescence spectrum of (6,5) NO2-Dz-SWCNTs, with the

E11 emission marked blue and the sp® defect-induced E;; emission marked red.



quantum defect density is optimized to be sufficiently high but without causing quenching of the

SWCNT PL.%¢

To investigate the spin properties of the SWCNTs, we carry out ESR measurements of pristine
and chemically functionalized SWNCTs. ESR is a spectroscopic technique for investigating

38 conduction electrons,*® and transition

unpaired electrons in systems such as free radicals,
metals.** Due to the tremendous amount of research interest in the spin properties of SWCNTs, >
27.29,30.32.41 there has been considerable effort devoted to the ESR studies of pristine SWCNTSs.
However, controversy remains regarding the origin of the observed ESR signals*>*7 and the related
interpretation of the lineshape and magnetic susceptibility.*> * 4> 47- 48 Factors such as the
purifying procedure,*® growth method,*” and physisorption of gas molecules*’ further complicate
the investigation of the underlying physics. In our study, purified single-chirality (6,5)-SWCNTs
are used, which helps rule out contributions from catalyst particles and carbon impurities. Fig. 2a
shows a representative continuous wave (cw) X-band ESR spectrum from pristine SWCNTs where
no apparent signal can be observed. This finding is consistent with previous ESR studies on
purified SWCNTs,** 3 showing that the intrinsic ESR response of conduction electrons in
SWCNTs is too weak to be detected at X-band and modest magnetic fields. One potential
explanation is that the one-dimensional nature of the itinerant electrons in SWCNTs promotes a
Luttinger liquid state,’!- 3 which leads to a significant line broadening in the ESR signal (can reach
up to 1000 G at 4 K)), making it too weak to be detected.’®>* Consideration of spin-orbit coupling
in SWCNTs yields a similar conclusion:*® Based on previous measurements®® and theoretical

calculations,” the spin-orbit coupling strength for the (6,5)-SWCNTs used in this study could be

estimated to be around 250 GHz, which is much higher than the X-band (9.5 GHz) in our ESR



measurement. The absence of ESR response from our pristine SWCNTs also indicates the high

quality of the samples with minimal defects and unpaired electrons.** >

More importantly, these measurements of the pristine SWCNTs serve as reliable references for
our investigation of the functionalized SWCNTs. By keeping the concentrations of the pristine and
functionalized samples similar, direct comparison of the relative spin densities in the different
types of samples can be made. Fig. 2b shows an ESR spectrum obtained from NO;-Dz-doped
(6,5)-SWCNTs at 10 K, which shows strikingly different features compared to the spectra of the
pristine SWCNTs. It consists of a single narrow line with a Landé¢ g-factor of 2.0037 + 0.0003, the
value of which exhibits little temperature dependence. No broad ferromagnetic signal is observed,
attesting that majority of the catalyst particles have been removed such that their concentrations

are below the ESR detection limit.** 3¢ The distinct ESR spectra of the pristine and functionalized
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Figure 2. (a) A representative cw X-band ESR spectrum of pristine (6,5)-SWCNTs at 10 K and
microwave power of 0.5 mW. (b) A representative cw X-band ESR spectrum (black) of NO»-
Dz-doped SWCNTs at 10 K and microwave power of 0.5 mW, together with a Dysonian fitting
curve (red). (c) Representative temperature-dependent cw X-band ESR spectra of NO-Dz-

doped SWCNTs at the power of 0.5 mW with their corresponding Dysonian fitting curves.



SWCNTs infer the generation of unpaired electrons in the functionalized SWCNTs through the
doping process. We note that our measurements of 4-nitrobenzenediazonium tetrafluoroborate
solutions under similar experimental conditions yield no apparent ESR signals (Fig. S1), which
precludes the possibility that the ESR signals observed in Fig. 2b and 2¢ originate from residual

diazonium salts in the SWCNT solutions.

The intensity of the ESR signal from the functionalized SWCNTs shows a clear temperature
dependence (Fig. 2¢): it decreases with increasing temperature. At temperatures above 200 K, the
signal becomes too weak and could not be reliably recorded for analysis. Therefore, we focus our
discussion on the temperature range of 5 - 180 K. To gain a quantitative understanding of the
doping-induced unpaired electrons, we determine their magnetic susceptibility yg by double
integration of the ESR spectra using a CuSO4 crystal as the spin concentration standard (see
Methods), and the resultant temperature-dependent magnetic susceptibility is shown in Fig. 3a.
The fact that the magnetic susceptibility decreases with increasing temperature excludes the
possibility of conduction electron-related Pauli spin susceptibility, which is independent of
temperature.’’ Plotting the magnetic susceptibility against the inverse temperature 1/T (Fig. 3b)
reveals a Curie law behavior: o = C/T, where C is the Curie constant. Similar temperature-
dependent ESR signals can be observed for SWCNTs functionalized by other types of diazonium
salts. Together shown in Fig. 3a and 3b are the temperature-dependent magnetic susceptibility of
SWCNTs functionalized by dichlorobenzenediazonium tetrafluoroborate (Cl>-Dz) and a similar
Curie law behavior can also be observed. For the NO2-Dz- and Clz-Dz-doped SWCNTs, Curie
constants of 6.10x107" and 6.51x10”7 emuK/g can be obtained, respectively. The common behavior

shared by the different types of diazonium salt-doped SWCNTs reveals that the spin properties are



defined by the bonding between the diazonium salt and the SWCNT sidewall rather than the

specific alkyl group, e.g. NO2-CsHs- and Cl>-CsH3- in Fig. 3.
From the Curie constant, we can further derive the corresponding spin concentrations using

2
. N . . . . .
equation*’ C = _u: , in which pp is the Bohr magneton, N is the number of spins, and kp represents
B

the Boltzmann constant. We obtain spin concentrations of 5.52x10'* and 5.66x10'* spins/cm? for
NO»2-Dz- and Clb-Dz-doped SWCNTs, respectively. This bulk spin concentration translates into
an average of around 8 spins per 100 nm tube based on our estimation of the SWCNT

concentrations in the samples (see Supporting Information S2 for details). In order to find
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Figure 3. (a, b) Mass spin susceptibility yg plotted as a function of temperature 7" (a) and inverse
temperature 1/7 (b) for NO2-Dz- (dots) and Clo-Dz-doped (diamonds) SWCNTs. The lines in
(b) are Curie-law fits to the spin susceptibility. (c, d) Temperature-dependent linewidths of the
ESR signals for the NO2-Dz- (d) and Cl>-Dz-doped (c) SWCNTs, together with their fitting
curves using equation (2). (e) Microwave power-dependent ESR saturation data (dots) of the

NOz-Dz-doped SWCNTs at 10 K. The unattenuated maximum output power is 0.2 W.



correlations between the origins of the spins and the sp® quantum defects, we also estimate the
defect density, which is found to be around 6 defects per 100 nm tube (Supporting Information
S2). In this study, the quantum defect concentration is deliberately kept low by our controlled
doping method to prevent any photoluminescence quenching caused by over-doping.® The
reasonable agreement between the spin and defect densities further unveils the quantum defect-
related origin of the spins. The low spin concentration indicates that they are most likely isolated
from each other and no exchange interactions should be expected, considering that the wave
functions of defect spins typically only spread over a few hexagonal cells.>® This is consistent with
the observed Curie law behavior in Fig. 3a and 3b, which are characteristic of isolated and localized
spins. Moreover, by varying the functionalization time, we prepare a set of chemically
functionalized SWCNTs with different quantum defect densities and study their ESR spectra
(Supporting Information S3). Using the method described above, we are able to derive the spin
densities at the different defect concentrations and a good agreement is observed between the two
(Fig. S2). This finding indicates the correlation between the quantum defects and the observed

spins.

To further confirm these conclusions, we perform density functional theory (DFT) calculations of
the pristine and functionalized SWCNTs (see Methods for descriptions of the calculation details).
Fig. 4a shows the predicted band structure of pristine (6,5)-SWCNTs and in comparison, the band
structure of the NO2-Dz-doped SWCNTs is shown in Fig. 4b within the local density
approximation. The predicted band gap for the pristine SWCNTs is 0.94 eV, agreeing well with
previous DFT calculations,’® although a slight underestimation compared to experimental results
is expected at this level of theory.*® The predicted Kohn-Sham orbital densities associated with the

conduction (marked as 1 in Fig. 4a) and valence bands (marked as 2 in Fig. 4a) at the ['-point are
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Figure 4. (a, b) Calculated bandstructure of a pristine (6,5)-SWCNT (a) and a NO»-Dz-doped
SWCNT (b). The zero is defined as the valence band energy at I'. (c) Plots of the charge
densities associated with the selected orbitals labeled as (1, 2; 17, 2%, 3) on the bandstructure in
(a) and (b).
shown in Fig. 4c¢ (left) for the pristine SWCNTs. The orbitals are formed as a linear combination
of carbon p-orbitals, and the resultant electron densities are evenly distributed over the entire tube
length. The diazonium chemical functionalization leads to an occupied spin up mid-gap state at
0.30 eV above the valence band maximum and an unoccupied spin down state at 0.40 eV above
the valence band maximum, as shown in Fig. 4b (marked as 3). While the Kohn-Sham orbital
densities of the conduction and valence bands in the functionalized SWCNTs remain delocalized
(Fig. 4c, right, 1 and 2), the charge density of the mid-gap state associated with the sp® quantum
defects is highly localized around the defect site (Fig. 4c, right, 3). The spin density is also
localized on the occupied mid-gap orbital. These findings further corroborate our conclusion that
the observed spins, which are localized and isolated, are correlated to the sp® quantum defects. It

has been proposed®® that during a diazonium functionalization reaction, aryl radials are formed

10



and react with the SWCNTs, creating sp’-hybrizied carbon atoms and leaving radicals in the
vicinity of the attached phenyl rings. By adding radical scavengers, ferricyanide [Fe(CN)s]*> ions
to the functionalized SWCNT solutions, we observe a direct quenching of their ESR signals (Fig.
S3), which indicates the existence of stable radicals in the functionalized SWCNTSs. The high
stability of the radicals in the quantum defects might be related to the electronic structures of the
SWCNTSs,®! 62 although the detailed chemistry merits further thorough investigation. Based on
these factors, we tend to assign the localized spins observed in our study to radicals induced by

diazonium salt functionalization.

Having identified the origin of the detected spins, we further interrogate the lineshape of the ESR
response. ESR spectroscopy measures the magnetic field (/) derivative of the rf power absorbed

(P) by the samples. The observed signals follow a Dysonian lineshape:®*

dp _ d (AH+a(H—H0) AH+a(H+H0))
(H-Hy)?2+AH?2 ~ (H+Hg)%+AH?

(1)

dH _ dH

where H, is the resonance field, AH is the linewidth, and « is the asymmetry parameter which
represents the ratio between dispersion and absorption. In our case, the rather symmetric lineshape
gives rise to a values between 0 and 0.1, indicating a low admixture of dispersion due to the
isolated, localized spins. Fitting the ESR signals with the Dysonian function also allows us to
derive their linewidths AH. Fig. 3¢ and 3d show the temperature-dependent linewidths of the
functionalized SWCNTs. For both types of the functionalized samples, their linewidths remain
below 2 G which, as far as we know, is one of the smallest values reported so far for CNTs.*> 4
47.48 The linewidths show negligible temperature dependence at low temperatures, but decrease

slightly when the temperature is raised to above 100 K. This weak temperature dependence in the

observed linewidth has also been observed for irradiation-induced defects in SWCNTs,** and is
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consistent with our conclusion above that the doping-introduced spins are highly localized, even
at temperatures as high as 100 K. This is in stark contrast to the drastic motional narrowing
observed for unbound or shallowly bound spin species,*’ the linewidth of which reduces
tremendously with temperature due to the increased charge carrier mobility at higher temperatures
and hence their lower probability to dwell at dephasing centers. To describe the temperature-
dependent linewidth changes, we adapt a model that describes thermal-induced spin motion caused

by phonon-activated spin hOpping:‘”’ 43

A

AE
AEX[1+COt <2kBT

) ”

Here, AH, is the high-7 limit of the linewidth, 4 a temperature-independent constant, and AE the
activation energy for moving the spins out of potential traps. Fitting of the temperature-dependent
linewidths using equation (2) yields the detrapping energies of the localized spins (Fig. 3¢ and 3d,
curves), which are estimated to be 17.3 meV and 12.5 meV for the NO»-Dz- and Cl>-Dz-doped
SWCNTs, respectively. These large detrapping energies explain the weak temperature-

dependence of the linewidths observed in Fig. 3¢ and 3d.

More significantly, from the high-7 linewidth limit AH,, which are estimated to be 1.41 and 1.05

G for the NO2-Dz- and Cl2-Dz-doped SWCNTs, respectively, we can derive the spin dephasing
time 7> using the following relation:% T, = h/ (gupAH,) Utilizing the g-factor and AH,, values
we obtained from the ESR signals, spin dephasing time 7> of 40.3 ns and 53.9 ns can be obtained
for the NO»-Dz- and Cl>-Dz-doped SWCNTs, respectively. These are the spin dephasing times T,

at high temperatures provided that the thermal-induced spin motion model described in equation

(2) is still valid at such high temperatures. These spin dephasing times are considerably longer
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47, 65,66 in agreement with the narrow linewidths of our samples.

than those reported previously,
Analyzing the potential reasons, we believe that they are two-fold: the purification and chirality-
sorting processes remove the majority of the catalyst particles and carbon impurities that may serve
as dephasing centers; the diazonium doping method allows a relatively good control over the defect
and spin concentrations, thus minimizing dipolar interactions among the spins. Despite the
encouraging T, value observed here, it is still below expectations for practical use. For example,
the current state-of-the-art lower bound for signal processing times in quantum electronic devices

is around 100 ns.%” However, procedures such as reducing the percentage of '*C isotope during

growth for reduced hyperfine coupling may help further increase the spin dephasing time.

Due to the limited defect and spin concentrations we are able to achieve without causing permanent
photoluminescence quenching to the SWCNTs, direct investigation of the spin relaxation times
utilizing time-resolved ESR methods is challenging due to their lower signal-to-noise ratios
compared to cw ESR measurements. However, continuous-wave power-saturation measurements,
analysed with the method developed by Castner et al.,®® provide an alternative approach for
estimating the spin-lattice relaxation time 771.%7° Fig. 3e shows representative power-dependent
ESR intensities of the NO»-Dz-doped SWCNTs at 10 K. The signal strength increases with power
until it reaches a plateau. The onset of the power-saturation behaviour, represented by
characteristic parameters P12 and Hip, is determined by the spin relaxation dynamics. Using
Castner et al.’s approach, we estimate the value of P1,, i.e. the intersection of the two red lines in

Fig. 3e, to be around 12.1 dB (12.3 mW), and H) to be around 0.19 G. Using the correlation®: 7!
%Hf /zyz T,T, = 1, where y is the gyromagnetic ratio, combined with the previously determined 7>

value, we determine the spin-lattice relaxation time 77 to be around 9.1 ps, close to previously

reported values.*®
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CONCLUSION

We study spin properties of SWCNTs functionalized by diazonium salts utilizing temperature- and
power-dependent ESR measurements. In stark contrast to pristine SWCNTSs, which exhibit
minimal ESR signals, those functionalized with sp® defects show apparent narrow ESR lines. Our
analysis of the temperature-dependent magnetic susceptibility in combination with the spin density
estimation infers the creation of sparse, localized spins in the functionalized SWCNTs, which is
further confirmed by our DFT calculations. From the temperature-dependent linewidth analysis
and power-saturation measurements, we estimate the spin dephasing time 7> and spin-lattice
relaxation time 77 to be around 40 ns and 9 us, respectively. The dephasing time, although still
below the expected values for practical applications, can be improved substantially by suppressing
paramagnetic defects’? and isotope engineering’® to reduce nuclear spins. The observed spin states

at the defect sites, together with the intriguing optical properties of the sp® quantum defects,> & 1>

14.20.37 may enable the application of SWCNTs in spin-based quantum devices. Further studies of

the chemically functionalized SWCNTs using optically detected magnetic resonance may provide

more insights about the triplet states and the related spin states in the quantum defects.”*

METHODS

Chirality sorting and chemical functionalization of the single-walled carbon nanotubes. The
SWCNT samples were purified and chemically functionalized following previously published
methods® 7> 76 with some modifications. In brief, (6,5)-enriched SWCNT samples (CoMoCAT
SG651) were dispersed in 1 % wt/v sodium deoxycholate (DOC) solution by tip sonication for 90
minutes while cooled in an ice bath. Catalyst particles, amorphous carbon and CNT bundles were

removed by ultracentrifugation for 2 hours at the speed of 39191 g at room temperature. The
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supernatants were used for chirality sorting following the two-step phase separation method. The
resultant single-chirality (6,5)-SWCNTs were then transferred into 1 % wt/v sodium dodecyl
sulfate (SDS) solution by pressure filtration. In order to chemically functionalize the SWCNTSs
with diazonium salts, appropriate amounts of the diazonium salt solutions were added to the
SWCNT solutions. The reaction progress was monitored by measuring the PL spectra of the
solutions. Once the designated doping levels were achieved, the reactions were quenched by the
addition of concentrated DOC solutions. The functionalized SWCNTSs were then transferred back
into 1 % wt/v DOC solution using pressure filtration. To ensure that the excess unreacted
diazonium salts were removed, the SWCNT dispersions were repeatedly washed by pressure
filtration through a 100 kDa cellulose membrane using 1% wt/v DOC solution as elute for 5 to 6
times.

Electron spin resonance measurements. The temperature- and power-dependent ESR
measurements were performed using an ELEXSYS-II ES00 X-Band cw spectrometer equipped
with a TE102 rectangular ESR resonator (Bruker ER 4102ST), operating at a microwave frequency
of 9.5 GHz (Bruker Biospin, Rheinstetten, Germany). A continuous flow Helium cryostat (ICE
Oxford, UK) and an ITC (Oxford Instruments, UK) were used to control the temperature. For the
measurements, the SWCNT samples were transferred into quartz tubes in a nitrogen glove box and
sealed. Afterwards, the sealed samples were rapidly frozen in liquid nitrogen and loaded into the
pre-cooled sample chamber. To calibrate the spin concentrations in the measured SWCNT
samples, a CuSOg4 single crystal with a known number of spins was used as a standard.
Electronic structure and spin state calculation. The electronic structures and spin properties of
the (6,5)-SWCNTs with and without the dopants were calculated using the local spin density

functional approximation (LSDA)”” calculated within the VASP package.”® Core electrons and
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nuclei were described by the projector-augmented wave method (PAW).” Scalar relativistic
effects were included in the PAW potential, and spin-orbit coupling (SOC) were added
perturbatively using the zero-order regular approximation®® through the second-variation
method.?! All self-consistent calculations were performed with a plane wave cutoff energy of 400
eV, and a k = 0 (I')-centered k-point mesh of 1x1x2. The choice of k-mesh converged the total
energy to less than 0.005 meV/atom. Each self-consistent cycle electronic energy was converged
to below 1x10° eV. For the pristine SWCNTSs, the structure was optimized such that forces
between atoms were smaller than 0.01 eV/A and total energy change was less than 1x10™% eV. 10
A of vacuum were added around the tube to isolate it from its periodic images. The predicted lattice
vectors were (19.92, 19.92, 40.45) A for the pristine and (32.37, 19.92, 40.45) A for the
functionalized SWCNTs. The predicted lattice vector length of 40.45 A along the nanotube
direction is in good agreement with a tight binding analysis®? and previous DFT calculations.*®
Band structures were calculated non-self-consistently on a 1 x 1 x 16 k-point mesh. For the doped
structure, the lattice vectors of the SWCNTSs were fixed and the atoms allowed to relax in the
presence of the dopants with forces converged to less than 0.01 eV/A. The magnetic moment was

optimized and determined to be 1 Bohr magneton.
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