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Electrically induced ambipolar spin 
vanishments in carbon nanotubes
D. Matsumoto1, K. Yanagi2, T. Takenobu3, S. Okada4 & K. Marumoto1,5,6

Carbon nanotubes (CNTs) exhibit various excellent properties, such as ballistic transport. However, 
their electrically induced charge carriers and the relation between their spin states and the ballistic 
transport have not yet been microscopically investigated because of experimental difficulties. Here 
we show an electron spin resonance (ESR) study of semiconducting single-walled CNT thin films 
to investigate their spin states and electrically induced charge carriers using transistor structures 
under device operation. The field-induced ESR technique is suitable for microscopic investigation 
because it can directly observe spins in the CNTs. We observed a clear correlation between the ESR 
decrease and the current increase under high charge density conditions, which directly demonstrated 
electrically induced ambipolar spin vanishments in the CNTs. The result provides a first clear evidence 
of antimagnetic interactions between spins of electrically induced charge carriers and vacancies in 
the CNTs. The ambipolar spin vanishments would contribute the improvement of transport properties 
of CNTs because of greatly reduced carrier scatterings.

Carbon nanotubes (CNTs) have attracted considerable attention because they exhibit various excellent 
properties, such as ballistic transport; high charge mobility due to the ballistic transport was observed 
in field-effect transistors (FETs)1. Depending on their chirality, single-walled CNTs (SWCNTs) are either 
metallic (zero band gap) or semiconducting with band gaps2,3. The structure-property correlation between 
SWCNTs and the resultant unique diversity in their electronic properties has allowed the fabrication of 
devices that are superior in performance and functionality to silicon-based devices1,4–9. To understand 
the nature of the ballistic transport completely, a study of spin states in CNTs is indispensable because 
such spins would cause carrier scattering due to magnetic interactions and prevent the realization of the 
ballistic transport. In particular, a microscopic investigation of spin states under device operation is cru-
cially important because it would clarify the electronic states of electrically induced charge carriers from a 
microscopic viewpoint which directly relate to the device performance. Calculations with spin-polarized 
density functional theory (DFT) have shown the spin formation at atomic vacancies in SWCNTs10. The 
atomic vacancies with spins are considered to be intrinsically formed in CNTs10. However, the relation 
between the spin formation and the device performance have not yet been investigated. Such investiga-
tion would provide an insight for the mechanism of the realization of the ballistic transport.

A most effective method to study the spin states in CNTs under device operation is to utilize an elec-
tron spin resonance (ESR) spectroscopy using transistor structures11–16. This technique is an extremely 
clean method because it can directly observe electrically induced charge carriers without modifying 
CNTs chemically; the ESR method has clarified various microscopic properties, such as spin states and 
local structures of materials and devices11–16. Although the ESR method have been expected to clarify the 
spin states in CNTs under device operation for a decade, one could not perform the ESR study of CNT 
devices because of experimental difficulties, such as low charge-accumulation ability using usual solid 
insulators and dielectric loss due to metallic CNTs with thick film thickness.
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In this work, we present an ESR study of CNT transistors under device operation. We adopted an 
ion-gel dielectric in transistor structures to overcome the low charge-accumulation ability13,14,17–24. 
High-quality thin films of semiconducting SWCNTs were utilized to avoid the dielectric loss due to 
metallic CNTs25–27. From simultaneous measurements of the ESR and the transistor characteristics, we 
observed a clear correlation between the ESR decrease and the current increase under high charge den-
sity conditions in the CNT materials for the first time. We directly discovered electrically induced ambi-
polar spin vanishments in the SWCNTs. Our result provides a first clear evidence of antiferromagnetic 
interactions between spins of electrically induced charge carriers and vacancies in the SWCNTs. The 
ambipolar spin vanishments would contribute the improvement of transport properties of CNTs because 
of greatly reduced carrier scatterings due to magnetic interactions.

Results and Discussion
Dependence of ESR of SWCNT transistors on gate voltages.  First, we present the ambipolar 
spin vanishments in the SWCNTs by applying gate voltage (VG). Figure  1a shows the device structure 
of the SWCNT transistor. Ion gels used in the structure are currently attracting considerable attention 
because they enable low voltage operation due to the formation of an electric double layer (EDL) at 
the semiconductor/insulator interfaces13,14,17–24. Details of the fabrication of the SWCNT thin films and 
their devices are described in the Methods. Figure  2a shows the ESR signals of the SWCNT transis-
tor at VG values of 0, 0.6, and 3.2 V with a drain voltage VD =  0.2 V. The observed ESR signals show a 
Lorentzian ESR lineshape with the g value of 2.0029 ±  0.00002 and the peak-to-peak ESR linewidth Δ Hpp 
of 0.6 ±  0.1 mT. These features do not depend on VG. The origin of the ESR signal is ascribed to atomic 
vacancies in the SWCNTs, as discussed later10. Notably, the ESR intensity decreased when VG increased 
from 0 to 3.2 V.

Figure 1.  Schematics of a SWCNT transistor and spin states in SWCNTs. (a) Schematic of the device 
structure of the SWCNT transistor used in this study. (b) Schematics of the cross section of the device 
structure with spin states in the transistor at VG =  0 V (left), for VG >  0 V (center), and for VG <  0 V (right). 
(c) Schematics of the energy diagram of conduction band (CB), valence band (VB), and non-bonding orbital 
(NBO) of the SWCNTs with spin states at VG =  0 V (left), for VG >  0 V (center), and for VG <  0 V (right).
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Figure 2.  Electrically induced ambipolar spin vanishments in the SWCNT transistor. (a) ESR signals 
of the SWCNT transistor at VG of 0 V (blue dotted line), 0.6 V (green dashed line), and 3.2 V (red solid 
line), where VD =  0.2 V at the external magnetic field H perpendicular to the substrate (H⊥) at 298 K. (b,c) 
Dependence of the number of spins, Nspin, and of the ID of the SWCNT transistor on VG for (b) VG ≥  0 V 
and (c) VG ≤  0 V, where VD =  0.2 V at 298 K at H⊥. The ID data are plotted using a semilogarithm scale.
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Electrically induced ambipolar spin vanishments in SWCNTs.  To investigate the correlation 
between the ESR intensity and the transistor characteristics, we present the results of these simultaneous 
measurements as a function of VG. We use the number of spins, Nspin, to present the ESR intensity of the 
SWCNT transistor, which was evaluated by integrating the ESR signal twice and by comparing the Nspin 
value with that of the Mn2+ marker sample assuming the Curie law. Figure 2b,c show the VG dependence 
of Nspin and drain current (ID) of the SWCNT transistor in positive and negative VG regions, respectively, 
which were simultaneously measured using the same device. The ID increased as the absolute value of 
VG increased in both positive and negative VG regions, demonstrating ambipolar transistor operation, 
which are consistent with the results of previous studies17,18,22,24. Notably, in contrast to the ID increase, 
Nspin clearly decreased as the absolute value of VG increased in both positive and negative VG regions. That 
is, we observed a clear correlation between the Nspin decrease and the ID increase for both electron and 
hole accumulation in the SWCNT transistor. Therefore, we directly demonstrated electrically induced 
ambipolar spin vanishments in the SWCNTs. Such spin vanishments by VG has not yet been reported. 
This result means the non-magnetization of vacancies’ spins, which is an unexpected result because Nspin 
of organic transistors always increases when |VG| increases owing to charge accumulation in devices11–14.

Next, we discuss the mechanisms of the electrically induced ambipolar spin vanishments. For positive 
VG region, the spin vanishment is explained by the formation of the spin pairings between spins of vacan-
cies and electrically induced electrons which are doped by VG in the SWCNTs (Fig.  1b,c, center). Our 
result provides a first clear evidence of antiferromagnetic interactions between these spins. For negative 
VG region, the spin vanishment can be explained by the discharge of vacancies’ spins due to hole doping 
by VG (Fig. 1b,c, right-hand side). It should be noted that no change in the ESR signal was observed when 
changing VD. If the origin of the ESR signal is electrically induced charges, the ESR signal should change 
by changing VD because the amount of electrically induced charges in a transistor channel depends on 
VD under gradual-channel approximation28,29. Thus, no change in the ESR signal when changing VD 
confirms that the observed ESR signal is not ascribed to electrically induced charges.

No ESR observation in Tomonaga-Luttinger liquid.  The reason for the non-observation of an ESR 
signal due to electrically induced charges is explained by the formation of Tomonaga-Luttinger-liquid 
(TLL) states30,31. On the basis of the framework of TLL theory with spin-symmetry breaking and 
electron-electron interaction in one-dimensional (1D) electron system, these previous studies have 
showed that the ESR linewidth due to TLL states becomes extremely broad, on the order of 100 mT, 
even at low temperatures such as 4 K, and further broadening of the ESR linewidth at higher temper-
atures30,31. Although we performed ESR measurements at low temperatures below 4.2 K with applied 
VG, we could not observe any additional ESR signal due to electrically induced charges because of the 
extremely broadening of the ESR linewidth mentioned above. Therefore, the present ESR study demon-
strates the formation of TLL states in the SWCNT transistor from a microscopic viewpoint, even in the 
bundled SWCNTs with relaxed 1D character. We comment that the origin of the ESR signals reported 
in previous CNT studies should be ascribed to localized states (atomic vacancies, tube ends, etc.) and/or 
extrinsic impurities (catalysts etc.) rather than delocalized charge carriers in CNTs30,32–45.

Microscopic properties of atomic vacancies in SWCNTs.  In the following, we present further 
detailed microscopic properties of atomic vacancies, such as spin concentration, spin-lattice relaxa-
tion time, motion of vacancies, and anisotropy of spin-orbit interaction. We present the ESR results of 
SWCNT thin films with 300 nm thickness because the signal-to-noise (SN) ratio of the ESR signal of the 
thin films is better than that of the SWCNT transistor in the absence of dielectric loss due to wirings and 
electrodes. The solid lines in Fig. 3a show the ESR signal of the SWCNT thin film at 15, 60, and 290 K. 
At each temperature, the g value was found to be 2.0029 ±  0.00002. The Δ Hpp values were found to be 
0.36 ±  0.03 mT at 15 K, 0.33 ±  0.03 mT at 60 K, and 0.50 ±  0.05 mT at 290 K. The open symbols in Fig. 3a 
show the least-squares fits with a Lorentzian lineshape for the observed ESR signals. The fitting data with 
a single Lorentzian component explain the experimental results very well at all measured temperatures. 
In previous ESR studies, a complicated Dysonian lineshape was observed because of the skin effects of 
microwave absorption due to bulk or thick-film samples33,34,38,41,42. In contrast to these previous studies, 
the use of thin films in the present study makes it possible to avoid such skin effects and to perform a 
precise ESR analysis using a simple Lorentzian lineshape, as described below.

Next, we discuss the detailed temperature dependence of the ESR signal of the SWCNT thin film by 
presenting the spin susceptibility χ and the ESR linewidth. Figure 3b and its inset show the temperature 
dependence of χ and the inverse spin susceptibility 1/χ, respectively. The χ value was evaluated by inte-
grating the ESR signal twice and comparing it with the Mn2+ marker sample. The solid lines in Fig. 3b 
and its inset show the least-squares fits with the Curie law for the observed χ and 1/χ, respectively. The 
fitting curves explain the experimental results very well, which show that χ clearly obeys the Curie law. 
Therefore, we further confirm that the observed ESR signal originates from magnetically isolated spin 
species, not from Pauli components due to charge carriers, which is consistent with the isolated spin 
formation at atomic vacancies in the SWCNT thin film10,44. We evaluated the spin concentration of the 
SWCNT thin film by calculating Nspin and considering the volume of the film. The spin concentration 
was found to be 1.1 ×  1018 cm−3. The average distance between spins was evaluated to be 9.7 nm based 
on this concentration.
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The temperature dependence of the ESR linewidths of the SWCNT thin film is shown in Fig.  3c, 
where the full width at half maximum of the ESR linewidth ΔH1/2 is plotted as a function of temperature. 
In the high temperature region above approximately 70 K, ΔH1/2 increases with increasing temperature. 
This behavior can be explained by the decrease in spin-lattice relaxation time T1 of the vacancies’ spins 
because the T1 value can be shortened by phonon modes in the SWCNTs at high temperatures and an 
ESR linewidth with a Lorentzian lineshape is proportional to 1/T1, that is, ΔH1/2 ∝  1/T1 (ref.  45). The 
effects of spin-lattice relaxation on the ESR linewidth is consistent with the observed Lorentzian ESR 
lineshape at high temperatures. However, in the low temperature region below approximately 70 K, ΔH1/2 
decreases with increasing temperature. This behavior can be explained by the motional narrowing of the 
ESR linewidth due to the motion of the vacancies’ spins (the motion of vacancies) in the SWCNT thin 
film because the DFT study showed that bond alternation at vacancies can occur at low energies and 
cause the motion of vacancies10. The motional narrowing of the ESR linewidth is consistent with the 
observed Lorentzian ESR lineshape at low temperatures.

Anisotropy of the spin-orbital interaction in SWCNTs.  Finally, we present the anisotropy of the 
ESR signal in the direction of the external magnetic field H relative to the substrate to investigate the 
anisotropy of the spin-orbital interaction in the SWCNT thin film. The measurements were performed 
at 50 K to improve the SN ratio of the ESR signal. Figure  4a,b show the anisotropy of the g value and 
ΔH1/2 of the ESR signal, respectively, where θ is defined as the angle between H and the normal of the 
substrate (Fig. 1a). Clear anisotropy of the g value and ΔH1/2 is observed for the first time in the ESR 
studies of CNTs. Solid lines in Fig. 4a,b show the least-squares fits with the following fitting curves for 
the observed g value and ΔH1/2, respectively:

Figure 3.  ESR study of a SWCNT thin film. (a) ESR signals of the SWCNT thin film at H⊥. The solid 
lines show the data measured at 15 K (upper), 60 K (center), and 290 K (bottom). The symbols of circles 
(upper), triangles (center), and squares (bottom) show the least-squares fits with a Lorentzian lineshape to 
the observed ESR signals. (b) Temperature dependence of the spin susceptibility χ (main panel) and the 
inverse spin susceptibility 1/χ (inset) of the ESR signal of the SWCNT thin film at H⊥. The solid lines show 
the least-squares fits with the Curie law to the data. (c) Temperature dependence of the full width at half 
maximum, Δ H1/2, of the ESR signal of the SWCNT thin film at H⊥.
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θ θ= + , ( )⊥ //g g gcos sin 1
2 2 2 2

Δ Δ θ Δ θ= + , ( )/ ⊥ //H H Hcos sin 21 2
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where = .⊥g 2 002913 and Δ =⊥H 590 μ T at H perpendicular to the substrate and = .//g 2 00279 and 
Δ =//H 455 μ T at H parallel to the substrate. The fitting curves explain the experimental results very 
well, which show the uniaxial anisotropy of the g value and ΔH1/2 of the SWCNT thin film. Let λ, L, and 
S be the spin-orbit coupling constant, the orbital angular momentum, and the spin angular momentum 
of the vacancies’ spins, then the observed anisotropy reveals an anisotropy of the spin-orbit interaction 
WLS =  λ(L·S) of the vacancies’ spins with respect to the surface of the SWCNTs because the second-order 
perturbation of WLS determines the g value and WLS also causes the spin-lattice relaxation affecting the 
ESR linewidth46. We comment that the observed anisotropy is qualitatively consistent with that of graph-
ite47, which further confirms that the origin of the observed ESR signal is not due to extrinsic impurities, 
such as catalysts etc., and/or tube ends of the SWCNTs.

Figure 4.  Anisotropy of the ESR signal of the SWCNT thin film. Angular dependence of the g value (a) 
and ΔH1/2 (b) of the ESR signal of the SWCNT thin film on H relative to the substrate at 50 K.
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In conclusions, we performed an ESR study of the SWCNT transistors under device operation to 
investigate the relation between the spin states and the device performance. We demonstrated electrically 
induced ambipolar spin vanishments in the SWCNTs from a microscopic viewpoint for the first time. 
This result means the non-magnetization of atomic vacancies in the SWCNT transistor, which is formed 
by the antiferromagnetic interactions between spins of vacancies and electrically induced electrons in 
positive VG region and by the discharge of the vacancies’ spins in negative VG region. The ambipolar 
spin vanishments would contribute the improvement of transport properties of CNTs because of greatly 
reduced carrier scatterings due to magnetic interactions. The non-observation of an ESR signal due to 
electrically induced charges is ascribed to the formation of TLL states. We further present detailed micro-
scopic properties of atomic vacancies, such as spin concentration, spin-lattice relaxation time, motion of 
vacancies, and anisotropy of spin-orbit interaction in the SWCNT thin film. In particular, an anisotropic 
ESR signal was firstly observed for the SWCNT thin film. The microscopic information in addition to the 
ambipolar spin vanishments would be extremely useful for not only understanding material properties 
of SWCNTs but also fabricating high-performance SWCNT devices.

Methods
Fabrication of SWCNT thin films and transistors.  We used semiconducting SWCNTs purified 
from SWCNTs produced by the Arc discharge method (Meijyo Nanocarbon Co., Arc SO). SWCNTs were 
dispersed into 1 or 2% deoxycholate sodium salt (DOC) solutions, and high-quality semiconducting 
SWCNTs were obtained through a density gradient ultracentrifugation (DGU) process25–27. The obtained 
SWCNT solutions were carefully washed several times with methanol, hot water, and toluene, and the 
thin films with 300 nm thickness were fabricated on the substrate. The diameters of the SWCNTs meas-
ured by an atomic force microscope were 1.37–1.4 nm. The detailed purification methods are described 
elsewhere25–27.

The SWCNT transistors were fabricated using a nonmagnetic quartz substrate (Iiyama Precision Glass 
Co., Ltd.). The dimension of the quartz substrate was 30 mm ×  3 mm ×  1 mm. Thin films of the SWCNTs 
with the dimension of 15 mm ×  2 mm ×  300 nm were fabricated on the substrate. The source, drain, and 
gate electrodes of Ni (3 nm)/Au (47 nm) were fabricated with a vapor-deposition method on the substrate 
containing the SWCNTs. The source and drain electrodes had a channel length of 0.5 mm and a channel 
width of approximately 15 mm. We utilized an ion-gel dielectric, a special class of solid polymer electro-
lyte formed by the ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([EMIM]
[TFSI]) and a gelator ABA-type triblock copolymer poly(styrene-b-methylmethacylate-b-styrene) 
(PS-PMMA-PS), which shows large EDL capacitance and high ionic conductivity20,21. The EDL capaci-
tances are generally very large (~10–100 μ F cm−2), leading to significant charge accumulation with low 
voltage and high on/off current ratios20,21. The details of the ion gels have been described in the litera-
ture17–24. Finally, the ion-gel film was fabricated on the substrate containing the SWCNTs by drop-casting, 
completing the transistor fabrication. The fabricated devices were sealed into ESR sample tubes under 
vacuum conditions or under He exchange gas at 100 torr after wirings.

ESR and transfer characteristic measurements.  ESR measurements were performed using a JEOL 
JES-FA200 X-band spectrometer under vacuum conditions or under He exchange gas at 100 torr. The 
g factor and linewidth of the ESR signals were calibrated using a standard Mn2+ marker sample. The χ 
value was evaluated by integrating the ESR signal twice and comparing it with the Mn2+ marker sample. 
The Nspin value was evaluated by integrating the ESR signal twice and by comparing Nspin with that of 
the Mn2+ marker sample assuming the Curie law. The absolute value of Nspin of the Mn2+ marker sample 
was calculated using a solution (220 μ L) of 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOL) as 
a standard. The calibration of the g factor was performed using a software program from the JEOL ESR 
system considering high second-order correction to the effective resonance field. Its correctness was also 
confirmed using 2,2-diphenyl-1-picrylhydrazyl (DPPH) as another standard sample. Simultaneous meas-
urements of ESR and the device characteristics were performed using a Keithley 2612A source meter.
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