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A B S T R A C T

Carbon coils of micrometer to nanometer wire diameter were grown bi-directionally by

catalyst-assisted chemical vapor deposition. Electron microscope images showed the

highly disordered structure of the carbon coils. Chemical compositions of the coils were

identified with elemental analysis, atmospheric pressure-laser desorption ionization-

Fourier-transform ion cyclotron resonance-mass spectroscopy and secondary ion mass

spectrometric characterizations, and attenuated total reflection-infrared spectroscopic

examination. Micro-Raman scattering spectroscopy and electron energy loss spectroscopy

were also used to study the vibrational and electronic properties of the helical structure.

The electric transport in a single carbon coil was measured from ambient temperature to

64 mK. The temperature-dependent resistance was analyzed with the Efros-Shklovskii var-

iable range hopping model, indicating three-dimensional electron hopping conduction in

the disordered helical wires. The analysis also provides a basic understanding of the elec-

tron transport with an electron hopping length of �5 nm inside the disordered carbon coils.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon is a mysterious element with several allotropic forms,

which can be tailored to various kinds of conformations and

morphologies in the micrometer to nanometer scales, such

as buckyballs [1], tubes [2], onions [3], calabashes [4], foams

[5], fibers [6], rods [7], buds [8], etc. Among these micro/

nano-objects, carbon coils have fascinating helical morphol-

ogy and possess many unique characteristics and novel func-

tionalities, e.g. good chiral conductivity [9,10], large surface

area [9], super-elasticity [11]. In practical applications, the

helical carbon structures have been used to fabricate semi-

conducting infrared (IR) detection elements [12], flat panel

field emission display [13], and microwave absorber [14].
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These carbon coils are also excellent materials for prospective

versatile fabrications in micro-devices, micro-magnetic

sensors [15], actuators [16], hydrogen adsorption–desorption

materials, chiral catalysts, etc.

The catalytic growth mechanisms of carbon coils in

chemical vapor deposition (CVD) reactions have long been

of great interest in the research of helical/spiral materials.

In the past decades, more than a dozen of growth models

have been proposed to elucidate the formations of carbon

coils with distinctive shapes and morphologies [17]. Several

excellent surveys about the preparations, morphology,

growth mechanisms, properties, and applications of carbon

coils can be found in the reviews by Rodriguez [18], De Jong

and Geus [19], and Motojima and Chen [17]. In particular,
.
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Fig. 1 – Catalytic growth of carbon coils. (a) The experimental

setup for the CVD reactions to synthesize carbon coils. A

temperature profile inside the electric furnace during the

reaction is presented. (b�c) Abundant carbon coils have

been synthesized on the copper foil with high product yield.

The carbon coils have uniform wire diameter, pitch length,

and helix radius.
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the most recent review by Motojima and Chen [17] made a

thorough survey of a myriad of growth models proposed

for the fabrication of carbon coils in metal-catalyst-assisted

CVD reactions.

While the catalytic growths and structural characteriza-

tions of carbon coils have been extensively investigated since

the early studies decades ago [20,21], the measurements of

electric transport in the helical carbonaceous structure were

relatively few in number. To the best of our knowledge, the

electric properties of carbon coils have been studied exclu-

sively by Motojima’s group [17]. The electric conductivity of

a single piece of carbon micro-coil with the diameter of sev-

eral micrometers and the length of several millimeters was

measured 30�100 S/cm, where the temperature dependence

(�400�10 K) of conductivity indicated both semi-conductive

behavior with an activation energy of 4 meV and a variable

range hopping (VRH) transport mechanism in the carbon mi-

cro-coil [10].

In this paper, we first present the bi-directionally grown

carbon coils in metal-catalyst-assisted CVD experiments

with acetylene as a reaction precursor. We have taken vari-

ous electron microscopic images of the carbon coils to study

their disordered microstructures. Chemical compositions of

the coils were identified by elemental analysis (EA), mass

spectrometric (MS) characterizations, and IR spectroscopic

examination. Micro-Raman scattering spectroscopic and

electron energy loss spectroscopic (EELS) investigations of

the carbon coils further reveal the vibrational and electronic

properties of the disordered structure. In addition to the

structural and spectroscopic studies, we measured the elec-

tric transport in a single carbon coil in a temperature range

from 280 K to 64 mK. The resistance of the carbon coil at

6 K < T < 94 K can be described by the Efros-Shklovskii VRH

conduction (ES-VRHC) model in three-dimensions with an

electron hopping length of �5 nm inside the highly disor-

dered structure.
2. Experimental

2.1. Catalytic synthesis

Apparatus used for the catalyst-assisted CVD reaction to bi-

directionally grow carbon coils is illustrated in Fig. 1, of which

the equipments are similar to those used for the recent syn-

theses of Si nanowires [22], CdSe nanobelts and nanosheets

[23], and ZnxCd1�xSe alloy nanowires [24] in our laboratory.

In the catalyst-assisted CVD reactions, a piece of Cu foil

(Strem Chemicals, Cu 99.9%, 15 · 5 · 0.03 mm3) and a Ni plate

(Nilaco, Ni 99.7%, 500 · 18 · 3 mm3) were placed inside a

quartz tube (2 cm inner diameter and 80 cm long). The system

was heated by a temperature-controlled tubular electric fur-

nace (50 cm long). The Cu foil, lying on the Ni plate, was

placed downstream to the flow of gaseous reacting precur-

sors. Before reaction, the system was evacuated to a few

mtorr. Temperature of the system was elevated gradually to

the synthesis condition at �800 �C. At this temperature, the

vacuum-annealed surface film of the Cu foil was recrystal-

lized to Cu particles of �100�200 nm in diameter. A gas mix-

ture of acetylene (Matheson, C2H2 99.6%) and argon
(Matheson, Ar 99.999%) with a pressure ratio of 1:1 was then

introduced to the quartz tube. The gas flow rate was main-

tained at 10�15 sccm with a total pressure of 50 Torr through-

out the reaction. The optimal deposition temperature for the

growth of carbon coils in this study is at 700�750 �C. After the

reaction, a large number of carbon coils were produced on the

Cu foil. The high product yield of carbon coils is demon-

strated in Fig. 1b and c.

2.2. Electron microscopic and spectroscopic
characterizations

Electron microscopic characterizations of the as-synthesized

carbon coils were performed by scanning electron microscopy

(SEM), energy dispersive X-ray spectroscopy (EDS) (LEO 1530,

Filed Emission Gun SEM + EDS), transmission electron

microscopy (TEM), selected-area electron diffraction (SAED),

and high-resolution TEM (HRTEM) (JEOL JEM 2010 Analytical

TEM at 200 kV and JEOL 4000 EX HRTEM at 400 kV). Room-tem-

perature micro-Raman spectroscopic experiments were car-

ried out in a confocal microscope (Jobin Yvon, 3143MFO)

using an Ar-Kr ion laser (Coherent, Innova 70C) at 514.5 nm

as an excitation light source. The laser beam was focused into

a spot of �4 lm in diameter on the sample of carbon coils and

the Raman scattering signals, detected in a 180� backscatter-

ing geometry, were sent into a monochromator (Jobin Yvon,

Triax 550) equipped with a 1800 grooves/mm grating. The

spectral data were finally colleted by a liquid-nitrogen cooled

charge-coupled device camera (Jobin Yvon, Spectrum-ONE,

1024 · 256 pixels). The EELS spectra of graphite and carbon



Fig. 2 – SEM images of the as-synthesized carbon coils

depict right (R)- and left (L)-handed chiralities on each side

with (a) 5 and (b) 53 pitches. The labeled numbers are

provided a guide for the eye to count the helical pitches.
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coils were taken in a TEM equipped with EELS (JEOL, JEM-

2100F) having an electron-beam probe size of �5 Å in diame-

ter. The spatial and energy resolutions of the EELS are a few Å

and 0.2 eV, respectively.

2.3. Chemical compositions

EA for the as-synthesized carbon coils was conducted in a

commercial analyzer (EA, Heraeus VarioEL-III). Mass analysis

for the fragmentary species of carbon coils was performed

with an atmosphere pressure-laser desorption ionization-

Fourier-transform ion cyclotron resonance-mass (AP-LDI-

FTICR-MS) spectrometer, of which the experimental details

can be found in the work by Sabu et al. [25]. Briefly, the carbon

coils were dispersed in ethanol solution assisted with sonica-

tion. The concentrated solution containing carbon coils, after

a centrifugation treatment, was dropped on a graphite target

and dried in air. In the experiments, the graphite target was

used as a blank background for carbon. A N2 laser (Spectra-

Physics, VLS-337ND) at 337 nm with the maximum pulse en-

ergy of 300 lJ and repetition rate of 20 Hz was employed to

irradiate the sample plate at an incidence angle of 60� with re-

spect to the surface normal of the target plate. The fragments

of carbon coils in atmosphere pressure (AP) after laser desorp-

tion and ionization (LDI) were then guided to enter a Fourier-

transform ion cyclotron resonance-mass (FTICR-MS) spec-

trometer equipped with a 7.0-T actively shielded magnet

and Apollo electrospray interface (Bruker-Daltonics, Apex

III). The FTICR-MS can be used to detect the chemical species

of m/z = 45�4000 with a mass accuracy of �5 ppm. The

masses of the fragmentary species and their isotopic inten-

sity ratios were analyzed with the Bruker-Daltonics software

packages.

2.4. Device fabrication and characterization

The lithographic fabrication and electric characterization of

carbon coils are similar to those of single-walled carbon

nanotube field-effect transistors carried out recently in our

laboratory [26,27]. Briefly, individual carbon coils were dis-

persed and placed on thermally oxidized silicon chips with

predefined micrometer-sized Au contact pads made by

standard photography techniques. The positions of carbon

coils were accurately determined by SEM inspections. Sub-

sequently, 100 nm thick and 150 nm wide Cr contact elec-

trodes were designed and made on the top of the carbon

coils by electron-beam lithography. Cr leads have proven

capability to provide good electric contact with carbon

[28]. Each carbon coil was connected to several leads, allow-

ing four-probe measurements to be made on successive

segments between the two central probes. The transport

characteristics were measured using a 2-stage close-cycle

RDK-205D (Sumitomo Heavy Industries) and a He3/He4 dilu-

tion refrigerator (Air Liquide). To take the full advantages of

common-mode noise rejection, the measurement setup,

including biasing circuitry and the differential current/volt-

age amplifiers, is symmetric with respect to the ground.

The electrical signal outputs from the amplifiers were taken

by Keithley bench-type digital multimeters controlled by

LabView programs.
3. Results and discussion

3.1. Electron microscopic images

Fig. 2a shows an SEM image of the bi-directionally grown

carbon coils, of which the pair has right (R)- and left (L)-

handed chiralities on each side. A catalytic Cu particle

embedded in the joint as an enantiomeric center, intercon-

necting the two helixes of different chiralities, will be seen

more clearly later in a TEM image. The labeled numbers are

provided a guide for the eye to count the helical pitches with

a symmetric manner on both sides. Fig. 2b displays another

example of the as-synthesized carbon coils with uniform wire

diameter, pitch length, and helix radius. (More examples of

bi-directionally grown carbon coils are presented in Support-

ing Information S1.)

Further electron microscopic characterizations for the

microstructure of carbon coils are shown in Fig. 3. The TEM

image of a pair of carbon coils is presented in Fig. 3a. The

chemical composition of the catalytic Cu particle is analyzed

by EDS (Fig. 3b). SAED pattern of the Cu particle (Fig. 3c) fur-

ther indicates its face-centered cubic (fcc) crystalline struc-

ture. The carbon constituent in the coils is identified from

an EDS analysis (Fig. 3d). SAED pattern (Fig. 3e) and HRTEM

images (Fig. 3f and g) further indicate the highly disordered

structure inside the coils as studied previously [29–33].



Fig. 3 – Electron microscopic characterizations of carbon

coils. (a) TEM image of a pair of carbon coils shows the

dimensions of �300 nm wire diameter, �60 nm helix radius,

and �440 nm pitch length. A catalyst-particle of �300 nm

diameter (black ball) is located at the enantiomeric center. (b)

EDS analysis identifies the catalytic Cu particle. The carbon

signal in the EDS spectrum is attributed to a carbonaceous

shell encapsulating the Cu particle. (c) An fcc crystalline

structure of the Cu particle is determined from the SAED

pattern. (d) An EDS analysis was made for the carbon coils.

The tiny Cu signal in the EDS spectrum comes from the Cu

grid used for the TEM measurement. (e�g) Both SAED

pattern and HRTEM image indicate a highly disordered

structure inside the carbon coils.
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3.2. Chemical compositions

The chemical compositions of the carbon coils were deter-

mined with EA and mass analysis using AP-LDI-FTICR-MS

spectrometry. From the EA of the coils, the compositions in-

clude carbon and hydrogen with the molar ratio of C/H �
3/1. The hydrocarbon compositions in carbon coils were also

reported recently by Qin et al. [34,35]. In Fig. 4a, we further

display the hydrocarbon fragments of carbon coils obtained

from the AP-LDI-FTICR-MS analysis at m/z = 200�950. To cor-

rectly assign the fragmentary species with very high accuracy,

we set a 10 ppm error window as an acceptable uncertainty

range in the mass analysis. For instance, the observed signal

at m/z = 831.586686 (magnified in Fig. 4b) has been identified

as C63H75 with a mass error of 0.2 ppm, well within the

10 ppm window. Alternatively, should C61H71N2 be assigned

to this peak of m/z = 831.586686, a mass error of �29.9 ppm

would far exceed the acceptable 10 ppm error window,

although the masses of C63H75 and C61H71N2 differ only by

those of C2H4 and N2. The peaks at m/z = 832.586275 and

833.576190 are attributed to the isotopes of carbon (C12 and

C13) and hydrogen (H1 and H2) in C63H75. The intensity ratios

among the isotopic species, due to their natural abundances,

can further be used to confirm the correct assignment. In

Fig. 4b, the observed intensity ratios of 100:49.1:20.0% for

the peaks of C63H75 at m/z = 831.586686, 832.586275, and

833.576190 are in satisfactory agreement with the theoretical

calculations of 100:69.2:23.6% (Fig. 4c). More examples for the

fragments of carbon coils, like C61H71, C54H198, and C52H194,

analyzed in the AP-LDI-FTICR-MS measurements are pre-

sented in Supporting Information S2.1.

In addition to the EA and AP-LDI-FTICR-MS analysis, we

have also carried out additional mass and spectroscopic

examinations for the carbon coils by secondary ion mass

spectrometry (SIMS) and attenuated total reflection (ATR)-IR

spectroscopy, respectively, also indicating the hydrocarbon

compositions in the helical structure. The obtained SIMS

and ATR-IR data of carbon coils are collected in Supporting

Information S2.2 and S2.3.

3.3. Spectroscopic characterizations

Fig. 5 shows the micro-Raman scattering spectrum of carbon

coils at 1100–1800 cm�1 obtained by confocal microscopy with

an optical excitation at 514.5 nm. The two characteristic Ra-

man signals include the D band at 1356.9 cm�1 and the G band

at 1593.1 cm�1 [36–39]. The D band corresponds to a radial

breathing mode of A1g symmetry involving phonons near

the K zone boundary of which the intensity is strictly related

to the presence of six-fold aromatic rings. This breathing

mode is forbidden in perfect graphite and only becomes active

in disordered structures. In contrast, the G band, correspond-

ing to the zone-center phonons of E2g symmetry, originates

from the in-plane bond stretching of pairs of graphitic carbon

atoms. This stretching mode occurs at all sp2 sites, not only in

six-fold aromatic rings, but also in those of other orders.

The observed Raman scattering signals in Fig. 5 have been

fitted with a Lorentzian lineshape for the D band and an

asymmetric Breit-Wigner-Fano (BWF) lineshape [36–38] for

the G band. The broad linewidth C = 213.2 cm�1 (the full width

at half maximum, FWHM) of the D band indicates the struc-

tural heterogeneity and disorder inside the carbon coils. The

BWF lineshape is given by IðxÞ ¼ I0 ½1þ2ðx�x0Þ=QC�2

1þ½2ðx�x0Þ=C�2
, where I0 is

the band intensity, x0 = 1593.1 cm�1 is the phonon band

frequency, C = 100 cm�1 is the FWHM of the unweighted

Lorentzian (when Q !1), and Q�1 = �0.143 is the BWF cou-



Fig. 4 – (a) Observed AP-LDI-FTICR-MS spectrum of carbon coils at m/z = 200�950. (b) The signal at m/z = 831.586686 is

identified as C63H75 with a mass error of 0.2 ppm. Peaks at m/z = 832.586275 and 833.576190 are attributed to the isotopes of

carbon (C12 and C13) and hydrogen(H1 and H2) in C63H75. (c) The calculated intensity ratios of 100:69.2:23.6% for the isotopic

C63H75 are in satisfactory agreement with the observed 100:49.1:20.0% in (b).
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pling coefficient relating to the interaction between the dis-

crete E2g mode and the Raman-active continuum and also

indicating the degree of disorder. The microcrystallite size

of a graphitic system in the disordered carbon structure can
be estimated from the intensity ratio of the D and G bands

(ID/IG) by the empirical formula of La = C(ID/IG)�1 [36,39,40],

where La is the crystallite size and C = 4.4 nm at 514.5 nm

excitation. From the intensity ratio of ID/IG = 1.6 in Fig. 5, a



Fig. 5 – Micro-Raman scattering spectrum of a single pair of

carbon coils. The red and blue curves represent the D

(1356.9 cm�1) and G (1593.1 cm�1) bands deconvoluted with

Lorentzian (C = 213.2 cm�1) and BWF (Q�1 = �0.143 and

C = 100 cm�1) lineshapes, respectively. The dots in the graph

indicate raw spectral data with a black solid line illustrating

the fitted curve. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web

version of this article.)
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rough estimate of the crystallite size of about 3 nm was

obtained.

Fig. 6 shows the EELS spectra of graphite and carbon coils.

The EELS features of graphite are fitted with two Gaussian

bands of the band centers at 285 eV (1s–p*, red line) and

292 eV (1s–r*, green line) [41,42]. These 1s–p* and 1s–r* bands

serve as a reference to analyze the EELS spectrum of carbon

coils, where the deconvoluted bands were tuned to accommo-

date the rising edges of the 1s–p* and 1s–r* transitions. In
Fig. 6 – EELS spectra of graphite and carbon coils. The

obtained EELS spectra were deconvoluted with Gaussian

lineshapes, where the red bands at 285 eV represent the 1s–

p* transition, the green bands at 292 eV correspond to the

1s–r* transition, and the C�H bonds in the disordered

graphitic systems of carbon coils are responsible for the

blue band at 287.4 eV. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 7 – Electric transport measurement of carbon coils. (a)

An SEM image of the measured carbon coil of �150 nm wire

diameter. The scale bar is 2 lm. (b) The R0(T) dependence

with a fitting to ES-VRHC behavior at temperatures below

94 K. Dashed curve shows an extension to 300 K. The

exponent s and ES-temperature TES are 0.1136 and 0.1744 K,

respectively. The corresponding actual temperatures are

labeled at the top for reference. (c) The mean hopping

distance as a function of temperature, in which the dotted

curve shows an extrapolation using the theory of VRHC.
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addition to the 1s–p* and 1s–r* bands in the EELS spectrum of

carbon coils, there remains a weak feature in between and has

been deconvoluted to center at 287.4 eV (blue line). This weak

band is attributed to the contaminant C�H bonds in disor-

dered graphitic systems [41,43]. The hydrogens inside the car-

bon coils might result from those hydrogen atoms acting as a

terminator to the dangling carbons on the edges of disordered

graphite [44,45].

3.4. Electric conduction

Electric transport measurements for a single carbon coil have

been carried out in a wide temperature range from 280 K to

64 mK. Fig. 7a and b shows an SEM image of the measured

carbon coil of �150 nm wire diameter and its zero-bias resis-

tance (Ro) at temperatures between 280 and 6 K. The resis-

tance increases no more than 2-times as the temperature

decrease by almost 2-orders of magnitude. This small in-

crease in the resistance suggests that the behavior may be de-

scribed by the hopping conductivity on the insulating side but

quite close to the critical regime of the metal–insulator tran-

sition [46]. Indeed, it is found that the resistance at low tem-

peratures can be very well described by the ES-VRHC model

[47]. In this model, the Coulomb interaction between hopping

sites was considered, and the resistance as a function of tem-

perature reads

R0ðTÞ ¼ Rað1=TÞs exp½ðTES=TÞ1=2� ð1Þ
Fig. 8 – I–Vb characteristics of a single carbon coil. (a) The SEM i

measurements. (b) The red and blue curves are for T = 4 K and 6

(red) resistances are presented as a function of temperature at T

characteristics. (d) The curves show the dynamic conductance of

3.5, 3.0, 2.5, 2.0, 1.5, 1.0, 0.5, 0.064 K (blue). (For interpretation o

referred to the web version of this article.)
Using the exponent s as a free parameter, one can find a

set of best prefactor Ra and ES-characteristic temperature

TES in an appropriate temperature range for a minimum devi-

ation from the measured R0(T) curve. It is found that a mini-

mum deviation is achieved for s = 0.11 in the temperature

range between 6 and 94 K, and the corresponding Ra and TES

values are estimated to be 70.5 kX and 0.17 K, respectively.

The latter reflects the strength of the Coulomb interaction

and is related to the localization length n and static dielectric

response e 0 as

kBTES � be2=ne0 ð2Þ

b is a constant of approximately 2.8. The dielectric response

e0 ¼ e0er ¼ ehost þ 4pe2NðEFÞn2 ð3Þ

is composed of the normal host lattice dielectric response

ehost and an anomalous contribution related to the density

of states at the Fermi-level N(EF) and the localization length

n . eo = 8.85 · 10�12 F/m is the permittivity constant. Near the

metal–insulator transition, the anomalous contribution is ex-

pected to dominate the dielectric response, and TES can be

rewritten as kBTES � (2.8/4p)N(EF)n3. Note that, apart from a

numeric factor the ES-characteristic temperature can be

understood as the mean energy-level-spacing N(EF)n3 of a

localized system. With the knowledge of TES and a N(EF) value

of 4.4 · 1020/eV/cm3 [48], we estimated the localization length

n to be 32 nm. Accordingly, a er value of approximately 106 is
mage of a carbon coil device for the electric transport

4 mK, respectively. (c) The asymptotic (blue) and zero-bias

6 4 K, which is the onset temperature for nonlinear I–Vb

dI/dVb versus Vb at various temperatures, from top 4.0 (red),

f the references to colour in this figure legend, the reader is
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implied, which is much great than ehost/eo and our assumption

that the host dielectric response can be neglected is justified.

A small value of characteristic temperature, TES � 0.17 K, is

consistent with the theory for the ES-VRHC. In the critical re-

gime, the value of exponent s may be substantially altered

and a comparison with the theory may not be practical. Since

the localization length is much smaller than the helix diame-

ter (�150 nm, see the SEM image in Fig. 7a), the electric trans-

port in the carbon coils is governed by three-dimensional

hopping conduction inside the disordered helical structure.

For the VRHC theory to be valid, the localization length should

be considerably greater than the nearest-neighbor site sepa-

ration. This is fulfilled because the localization length

(n � 32 nm) is much greater than the crystallite size of 3 nm

estimated from the Raman scattering analysis. Note that

the localization length n is expected to diverge as the metal–

insulator transition is approached from the insulating side

[49]. Further, as shown in Fig. 7c, the hopping length Lhop(T) in-

creases with decreasing temperature as Lhop(T) = (1/4)n(TES/T)1/2.

In view of that, the transition may be imperfect at very low

temperatures due to finite diameter of the carbon helix wires.

The hopping conduction in our carbon coils is in line with

that reported in highly disordered activated carbon-fibers

[39] where the resistivity follows exp[(T0/T)1/2] dependence

and is attributed to charge-energy-limited tunnelling conduc-

tion rather than 1D-VRHC because of the unphysical fitting

parameters.

Fig. 8a and b shows the SEM image of another carbon coil

device and its current–voltage (I–Vb) curves. The I–Vb charac-

teristics at room temperature for all measured carbon coils

are linear within tens of millivolts, and the resistance values

are in the range of a few kX. Upon cooling, the resistance in-

creases but the I–Vb characteristics remains linear at temper-

ature above 4 K. Below 4 K a concave at the low bias voltage

regime starts to develop, leading to an increase of zero-bias

resistance Ro. Fig. 8b shows a comparison of the I–Vb charac-

teristics at 4 K and 64 mK: the lower the temperatures, the

more prominent suppression of the current at low bias volt-

ages. While the asymptotic resistance of the carbon coil in-

creases from 19.9 to 20.4 kX (see Fig. 8c), the Ro shows a

deviation from the asymptotic value at 4 K (i.e. the onset of

nonlinear I–Vb characteristic) and increases to 53 kX at

64 mK. The concave characteristics are best represented by

a dip in the differential conductance Gd � dI/dVb when plot-

ted as a function of Vb, as displayed in Fig. 8d for elevated

temperatures. The concave characteristics at the low bias re-

gion may be attributed to Coulomb interaction between hop-

ping sites as suggested by the ES-VRHC addressed above.

Since the devices are in the critical regime of metal–insulator

transition, the nonlinear I–Vb characteristics cannot be as-

cribed to strong localization such as Coulomb blockade of

electron tunnelling. This is in agreement with the fact that

the device showed no gate-voltage dependence which is an-

other hallmark of the Coulomb blockade phenomena. The

high conductivity for the carbon coils (�2.5 mS/lm) suggests

a high electron concentration and the electron–electron inter-

action in the coils should be relative weak. In the ES-VRHC

theory, a power-law suppression of density of states at the

Fermi-level is predicted [47], which may be responsible for

the observed concave I–Vb characteristics. However, no con-
vincing power-law fitting was obtained due probably to the fi-

nite wire diameter compared to the diverging localization

length at low temperatures.

4. Conclusion

Carbon coils have been synthesized bi-directionally from the

pyrolysis of acetylene in the catalyst-assisted CVD reaction.

The disordered structure of the carbon coils has been investi-

gated by electron microscopy. Furthermore, EA, AP-LDI-

FTICR-MS, SIMS, and ATR-IR have been applied to analyze

the hydrocarbon compositions of the carbon coils. The vibra-

tional and electronic properties of the carbon coils have also

been characterized by micro-Raman scattering and EELS

spectroscopy. Temperature-dependent resistance for a single

carbon coil has been analyzed with the ES-VRHC model, elu-

cidating a three-dimensional electron hopping conduction in-

side the disordered helical structure. The model analysis

elicits a basic understanding of the electric transport with

an electron hopping length of �5 nm inside the disordered

carbon coils, comparable to the crystallite size estimated

empirically from the micro-Raman scattering data.
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