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Carbon nanotubes can be grown in the DC electric arc, they grow cov-
ered by a turbostratic graphite. The mechanism of the tubes growth is dis-
cussed. The magnetic susceptibility of samples, which contained aligned nan-
otubes exhibits anisotropic oscillatory behavior, which is ascribed to spatial
quantization of the energy levels.
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1. Introduction

The carbon nanotubes attract much attention since Ijima [1] discovered that
they were formed in the electric arc discharge between carbon electrodes. The first
report on cylindrical carbon objects obtained in such process was published already
in 1960 [2], however those tubes were of a macroscopic size and were not expected
to exhibit any special physical properties. The diameter of Ijima's nanotubes on
the other hand was of the order of several nanometers what implied a possible
spatial localization of the electrons resulting from 1D structure. The length of
nanotubes reaching microns suggested their possible application as nanowires [3].

There are different methods used to grow nanotubes. They can be grown
either in the DC electric arc, e.g. [1], or AC, e.g. [4]. Often a catalytic method
is applied when electrodes are doped with transition metals (Fe, Co) [5] or by
carbonization of hydrocarbons at high temperature and in electric field [3, 6]. The
method developed by Ebbesen et al. [7] (tubes were grown in the DC arc at very
high temperature gradient and the amorphous carbon was burned out) seems to be
the most promising one, for it allows one to obtain bundles of aligned nanotubes,
free of amorphous or turbostratic carbon impurities ready for investigation of their
physical properties.

The optical [8] or magnetic [9] measurements of powdered samples of nano-
tubes can be explained in terms of defected graphite without taking into account
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the low dimensions of the tubes, though the theoretical calculations [10, 11] pre-
dict that electronic properties of tubes ought to depend on their diameter. The
energy bands of the tubes are discussed in terms of rolled graphene planes [11]
when a limited size of the tubes imposed quantization on the kx component of the
wave vector, while the ky component can change over the whole Brillouin zone. If
the wave vector k = (kx, ky ) matches with a corner of the Brillouin zone, where
the graphite conduction band touches the valence band, the tube energy gap is
zero-metallic one, otherwise open-semiconducting one. These results resemble the
HOMO—LUMO energy diagrams calculated for large elongated fullerenes [12]. The
differences between experiment and effects expected from a theoretically calcu-
lated band structure result from the fact that the calculations were performed
for idealized single shell, small diameter nanotubes, while the macroscopic sam-
ples contained multishell tubes of various sizes consisted of many graphene layers
and were not aligned along their axis. Here we describe method8 of preparation
and evaluation of the quality of our samples and preliminary results of magnetic
anisotropy measurements performed on the material containing bundles of aligned
nanotubes.

2. Growth of nanotubes

Following the previous experiments on tubes growth [4] and on plasma pro-
cesses in a carbon arc [13], the processes were carried out in the DC arc generated
between graphite rods of 6 mm diameter, in helium atmosphere at pressure of
about 0.6 atm. and electric current of 80 A. Similarly to [7], during the discharge
the cathode was cooled (here) by a controlled flow of helium. At low electric current
the growth rate of the carbon deposits was of the order of 3 mm/min (evapora-
tion rate 1.3 mg/s). During the process almost 70% of carbon vaporized from the
anode condensed on the cathode. A cross-section of the carbon deposits consists
of three regions of different morphology and crystalline structure. The hard outer
part built of the turbostratic graphite contains a region of a needle-like material
aligned along the cathode axis (Fig. la). While increasing radial temperature gra-
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dient by the high helium flow, needles start to grow tilted towards the axis of
the electrode where they melt to form a crystalline graphite region. The needles
contain bundles of the nanotubes. The needles start to grow from a thin layer
of the graphite deposited on the cathode at the very beginning of the discharge,
probably they form seeds, further the growth of tubes simply requires the proper
temperature gradient and a continuous supply of carbon clusters for crystalliza-
tion process. This in turn requires a stabilized DC power supply because of the
low heat capacity of electrodes, the AC (or pulsed DC) discharge is insufficient to
support continuous sublimation of the anode [13]. The temperature of the anode is
balanced while heating by the electrons and cooling by carbon sublimation (apart
from radiation, thermal conductivity and convection), when the heat transferred
to the cathode by condensing carbon has to be dissipated by thermal conductivity,
radiation and carbon resublimation. In fact, it seems that the cathode heats up
along the whole deposit. In the carbon deposits only the species of high thermal
conductivity, connected to the heat sink, i.e. cooled base or outer shell, can sur-
vive. To these belong tubes not ribbons or whiskers with weakly bound atoms at
their edges.

The turbostratic graphite, contained also in the needles, can partially origi-
nate from overheated, melted tubes. The turbostratic graphite covering nanotubes
could be burned out [7] if the needle-like material was heat treated in air at slowly
rising temperature at the rate of 3.6 deg/min to 690°C. During this process most
of the mass (also the thinnest tubes) is lost leaving a network of carbon tubes
(Fig. lb),

3. High resolution transmission electron microscopy images (HRTEM)
The morphology of the samples at various stages of the heat treatment was

verified if the network consisted of tubes or graphite fibers. It was found that thick
fibers of Fig. 2 split into separate objects, which could be imaged by HRTEM and
all the fibers checked revealed the tube structure. Because in the samples prepared
in this way we could nowhere find any electron diffraction pattern characteristic of
crystalline graphite, and all objects, which could be directly imaged, showed tubes
structures, therefore we believe that the whole macroscopic samples consisted of
multishell tubes (Fig. 2). The average radius of the tubes ranges from r t = 30
to 50 A. The electron diffraction of the bundle of tubes was used to determine
their morphology (Fig. 3). The diffraction shows some misorientation of the tubes
and the distances scaled to C—C = 1.42 A: the interlayer distance d = 3.56 A,
cross hexagons distances of 1.23 A and 2.13 A ((11) and (10) graphite planes,
respectively). There is a noticeable sixfold symmetry at (10) reflex which points
to a preferential orientation of the carbon hexagons. It is unexpected, because to
form a multishell tube of 60 A in diameter, graphene planes can be rolled with
various helicity [14]. However high abundance of the C2 complexes in the ther-
mal plasma [13], together with the complexes attachment energy favors the (1, 1)
growth direction of the graphene planes because then each attached C2 complex
completes a hexagon. Using the notation after [10] for the tubes, it corresponds
to the uniform growth of the (n, n)-type tubes or a sawtooth growth mode of the
(n, 0)-types.
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The non uniform distribution of (100) reflexes and their rotation relative to
the tube axis suggest that they might originate from ( ≈ 9n, n)-tubes, which had
grown in the sawtooth mode, showing that the experimental conditions favored
somehow their growth.
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4. Magnetic susceptibility measurements

The magnetic susceptibility of a sample containing axially aligned nanotubes
was measured with the use of a SQUID magnetometer. Unfortunately, because of
the problems with mounting of the sample in the sample holder (contribution
to susceptibility of quartz holder is practically negligible), we were still unable
to measure the pure tube sample, the one used for the magnetic measurements
contained turbostratic graphite therefore the results presented in Fig. 4 will be
discussed only qualitatively. The susceptibility xi perpendicular and x|| parallel
of the average tubes direction to the magnetic field evidently differs, the variation
with the temperature is stronger than for graphite [15] or tubes [9], there is also
oscillatory behavior seen at approximately 40 K in x|| . The position of this feature
does not depend on the magnetic field though its amplitude increases with the
field.

The susceptibility of graphite depends on the degree of graphitization [15]
and for pure, well crystallized one, at room temperature, reaches a value about
X = —20  —30 x 10 -6 emu/g Oe, for the turbostratic graphite x rises to —35 x
10 -6 emu/g Oe. With lowering temperature |x| increases by a factor of three, what
is explained in terms the of the graphite band structure where the diamagnetism
originates in the increase in the total energy associated with the rearrangement of
free carriers. The susceptibility also depends on doping.

The magnetic field applied in these experiments falls into the low/average
magnetic field region for free carriers in graphite, if the magnetic length OH =

(h/2πeH),(λ1T =256Ǻ)describing the localization of a carrier in the plane
perpendicular to the magnetic field is compared to the tubes diameter, i.e. the first
cyclotron orbit radius rc = aH here is larger than the tubes diameter. The energy
of the lowest Landau level EL = hω2,/2 = h2/(mλ2H/ ) depends on the magnetic
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field and for H = 1 T, the free carriers effective mass in graphite m: = 0.06m
and m*h = 0.04m [15] is EL = 0.97 meV and 1.4 meV for electrons and holes,
respectively. The oscillation in XII cannot be connected with any of the magnetic
oscillatory effects because its position does not vary with H. In a crude model of an
electron of mass me in a potential well of the size of the tube radius r t = 50 A one
gets higher energy Ew = 40 meV (the same particle in a smaller well), which
is independent of H and is to be scaled by the mass, because we doubt that an
effective mass approximation holds for tubes containing 100 graphite hexagons in
their circumference.

We are therefore inclined to ascribe the oscillatory effect to the rearrange-
ment of electrons at 40 K (kT = 3.4 meV) on the spatially quantized energy levels
and the magnetic field only probes the states.

5. Free carriers motion on carbon tube

The energy of free electrons located on the tubes can be discussed in terms
of the model of defected graphite plane. If the tube radius is large, the behavior
of free carriers located on the carbon nanotube does not differ from carriers in
graphite, in a two-dimensional approach. For carbon tube extended in z direction,
the kz component of a carrier is not affected by the deformation introduced during
rolling the flat plane, but now carriers can move in x—y plane. Their behavior can
be described by the deformation vector potential:

which satisfies the requirement of circular motion of the carrier with an effec-
tive mass m on the orbit of the radius r c = (2n + 1) 1 / 2 rt with the "cyclotron"
angular frequency 4 = ħ/mr2t (in the ground state), the energy levels E nt =
(n + 1/2)ħ(ħ/mr2t ). The states are determined by the total angular momentum
and its projection on the tube axes. The deformation potential secures the mo-
mentum exchange of a moving carrier with the network of the tube, momentum
needed to compensate the deformation of the "lattice".

The degeneracy in respect to the projection of the angular momentum ±m
is removed by the magnetic field parallel to the tube axes. The magnetic field with
a potential of the form

splits the ground state to two with the corresponding angular frequencies 4 +41
(diamagnetic) and —4 d- wcH (paramagnetic), where ω2H = eH/m. While the
magnetic contribution ωcH always increases the energy, the motion imposed by the
tube 4 can either increase or lower the energy. At high temperatures ωctτ « 1
and WcHτ « 1 neither "tube" nor magnetic field quantization can be observed
experimentally, at low temperatures when ω2ar » 1, i.e. the scattering rate between
the two states is very low, splitting by the magnetic field (even if ωcHτ < 1) may
be seen experimentally. The sudden increase in (T) (Fig. 4) at T = 40 K is
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tentatively ascribed to originate from the temperature induced transition from
wtcτ « 1 regime to wtcτ » 1 at low temperatures. In high magnetic field when
41r » 1 and wtcτ < wcHτ the magnetic field contribution dominates carriers
motion.

The work was partially supported by the grant N.2P 302 257 03 of the State
Committee for Scientific Research (Republic of Poland).
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