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Graphitic Nanotubes and Aligned Nanotubes Films
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Carbon nanotubes are easily produced in macroscopic quantities, however their characteri-
sation and possible applications are still rather limited. We have developed a new method to
make aligned nanotube �lms which open new opportunities, not only for basic research but
also for eventual applications. With this method the tubes can be aligned either parallel or
perpendicular to the surface. We give a short review of the microscopic properties of single
tubes and the bulk properties of the aligned �lms.

I. Introduction

Carbon nanostructures are produced in a wide va-

riety of shapes and sizes, as is evidenced by a ex-

tremely rich literature. The ideal fullerene, C60, was

originally discovered by Kroto and Smalley's group[1]

in 1985 using a complex molecular beams apparatus,

where graphite rods were laser vaporised. The remark-

able stability of this molecule, was explained by sug-

gesting a single spherical shell of sp2 bonded carbon,

consisting of hexagons and pentagons of carbon atoms.

Topological considerations request that closed three di-

mensional surface cannot be exclusively composed of

hexagons, and must also contain 12 pentagons. This

general principle has been known for very long time,

and this particular arrangement was used in di�erent

domes projects by the American architect and inventor

W. Buckminster Fuller, after who the C60 molecule is

now named. At present, we know that C60 is only one

member of a large class of molecules formed by a closed

graphitic surface: the fullerenes.

In addition to spheroidal single shell fullerenes,

a second class of molecules, consisting of concentric

graphitic layers ( multiple shells) was discovered. These

fullerene related large molecules have received names

as onions or hyperfullerenes for the case of concen-

tric spheroidal graphitic shells[2;3], or high aspect ratio

tubular structures called nanotubes[4]. In particular,

these tubules are usually formed by very long (on the

order of microns) concentric graphitic tubes, with a hol-

low centre. Typical diameters are in the range of one

to several tens of nanometers.

As for most of the fullerenes and related molecules,

highly energetic conditions are necessary for a e�cient

formation. The traditional electric arc discharge run in

a inert gas atmosphere has been the key experiment

in the recent development of fullerene research[5;6] .

Fullerenes and nanotubes are spontaneously formed in

macroscopic quantities in a carbon arc. The intriguing

question of why they are formed is still hotly debated,

and, as for C60, the production is still poorly under-

stood. An important modi�cation of the electric arc

may be prepared by adding a transition metal to the

graphitic electrodes which yields micrometer long sin-

gle shell tubular structures with a typical diameter of

1-2 nm[7;8], but apparently formed by a undetermined

catalytic reaction. Here, we will not discuss the pro-

duction of nanotubes in detail, but rather the recent
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development in the characterisation on electronic and

optical properties of nanotubes.

II. General properties

Since nanotube discovery and until quite recently

the associated research was mainly focused on the use

of electron microscopy techniques. Numerous works

showed beautiful high resolution microscopy images

of various types of graphitic nanotubes with di�erent

forms, straight[4] (Fig. 1a), spring shaped[9] , etc. The

number of layers forming the tube varies from two shells

to about 100. Electron di�raction studies have revealed

that individual tubule layer present a helicity[4].

Figure 1. High resolution electron micrographs of carbon
nanotubes. a) as generated in the electric arc, note the
bamboo-like defect (marked with an arrow); b) nanotube
whose inner cavity (5 nm in diameter) has been �lled with
liquid silver nitrate, subsequently reduced to silver metal
particles; note that the inner tube layes have been eroded
during the chemical reaction. Distance between nanotube
layers is 3.4 �A.

Recently, some methods have been developed to

�ll the inner empty space in tubes with metals or

oxides[10;11]. In Fig. 1b, we show a silver �lled tube

which was opened and subsequently capillarity �lled

with pure liquid silver nitrate; the following step con-

sisted of a heath treatment to reduce the nitrate, result-

ing in isolated silver droplets inside the tube[12]. Note

how the chemical reaction has eroded the inner shells

of the tube.

Concerning the mechanical properties of nanotubes,

theoretical calculations predict that they are extremely

sti�[13], nevertheless bent nanotubes are often observed

in electron microscopy studies. A bent nanotube is

shown in Fig. 2, note the regular pattern on the com-

pression region of the deformed tube.

Figure 2. Deformation of a thick graphitic nanotube. Note
the buckling of the compression region of the bent tube.

Theoretical predictions of nanotube electronic prop-

erties suggest that single shelled tubes may either be

semi conductors, or semi metals, depending on geomet-

rical factor such as diameter and helicity[14�16]. How-

ever there have been few predictions concerning proper-

ties of multi shelled nanotubes, the sample which is usu-

ally studied experimentally, nevertheless it is assumed

that they reect up to some degree the properties of

the constituent tubules.

III. Aligned nanotubes �lms

With the exception of electron microscopy evidence,

rather little experimental data is available on the prop-

erties of the nanotubes. The main reason being that it

is quite di�cult to prepare reasonably pure monodis-

persed samples of nanotubes: a typical sample usually

contains 30- 50 % of polyhedral onion-like graphitic par-

ticles, and a rather large size distribution is present. In

order to be able to study nanotube properties (optical,

electronic magnetic, etc.), it is essential that the per-

formed experiments are sensitive to possible anisotropic

e�ects expected for such a high aspect ratio structure.

Then in conclusion, it is highly desirable to dispose of

aligned nanotubes. We have recently succeeded in gen-

erating aligned nanotube �lms[17]. Fig. 3 shows the

surfaces of aligned nanotube �lms, one where the tubes

are oriented perpendicular to the thin �lm surface (�

aligned) and the other where they lie at parallel the

surface (� aligned). These �lms can be studied with

standard spectroscopic methods in order to determine

the nanotubes properties.
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Figure 3. Scanning electron micrographs of the surface of
aligned carbon nanotube �lms. (A) � aligned, with tubes
perpendicular to the �lm surface so that only the tips are
visible. (B) � aligned �lms: rubbing the surface, the sur-
face changes dramatically and becomes densely covered with
nanotubes lying at on the surface; the tubes are aligned in
the direction of the rubbing.

We have determined the optical properties of these

�lms by ellipsometry; the measured dielectric functions

�1 and �2, i.e. the real and imaginary part of the di-

electric function are shown in Fig. 4. These dielec-

tric functions may be compared with the those ones

of graphite[18]. As expected, the � aligned nanotube

�lms display a anisotropic dielectric function: it de-

pends if the polarisation of the light is perpendicular

or parallel to the nanotubes. In particular when the

polarisation is parallel to the tubes (�k); the dielec-

tric function closely resembles planar graphite. For ex-

ample, the peak observed at 4.61 eV is related to an

similar peak in graphite. When the polarisation is per-

pendicular to the tubes (�?), this peak is diminished.

The importance of this peak diminishes even further

in the � aligned case, where one is primarily observing

the tips of the nanotubes, and electronically they are

quite di�erent compared with the planar sheets. The

� aligned surface dielectric function displays a striking

resemblance to glassy carbon[19].

Figure 4. Dielectric functions of nanotube �lms as deter-
mined from ellipsometry (dashed lines real part �1, contin-
uous lines imaginary part �2). � aligned surfaces are bire-
fringent (�k, �?, parallel and perpendicular to the tubes).
The dielectric function of the � aligned surface is isotropic
and resembles that of glassy carbon.

The anisotropical structure of the aligned nanotubes

�lms is also evidenced in resistivity measurements,

where the resistivity in the direction parallel to the

tubes is considerably lower than perpendicular to them

(see Fig. 5). When the electrons travel a certain dis-

tance along the surface, they need to hop from tube

to tube, and evidently fewer hops are required when

the electron follow the tubes direction, than when they

hop in the direction perpendicular to the tube align-

ment. At low temperatures the hopping becomes ther-

mally activated[20], hence we observe a large increase in

resistivity.

Graphitic nanotubes present a high diamagnetic

magnetic susceptibility, a property which they share

with planar graphite (see Fig. 6). Anisotropy e�ects

are also rather large: the susceptibility is larger when

the applied magnetic �eld is parallel to the tube axis

than in the perpendicular con�guration[21]. We may

note that the susceptibility temperature dependence is

rather similar to what is observed for planar graphite in

both parallel and perpendicular cases. The susceptibili-

ties values are also of the same order as the graphite one

along the c direction (i.e. perpendicular to the graphitic

planes).

Our observations contradict several predictions re-

lating to single shelled nanotubes[22;23]. In any case,

the larger diamagnetism with the applied �eld parallel
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to the tubes is likely to be due to persistent ring cur-

rent which may be seen as a response of the conduction

electrons where diamagnetic currents circulate around

the tube axes.

Figure 5. Resistivities of carbon nanotubes �lms from 4 K
to 300 K (�lm size 5 mm square, � 1�m thick), and resis-
tivity anisotropy �?=�k (inset). The high resistivities and
their relatively small increase with decreasing temperature
are indicative of a disordered conductor whose resistivity is
determined by the mean free path of the delocalized elec-
trons. The stronger increase of the resistivities at very low
temperatures may be caused by localization of electrons on
the tubes.

If the tubes are not aligned but are randomly ori-

ented and touch each other, the diamagnetic behaviour

is completely di�erent to what is observed when the

tubes are aligned[24]. In the random aligned case, a

much larger diamagnetism is observed and also the tem-

perature dependence is di�erent (see Fig. 6). We spec-

ulate that this enhancement is due to diamagnetic cur-

rents which are induced by the applied �eld, but in-

volving large closed loops of connected nanotubes. The

induced magnetic moment is the product of the current

times the area, so a loop which encompass a large area

generates a larger diamagnetic moment. We must note

that this suggested mechanism does not account for the

rather anomalous temperature dependence.

In summary, the development of a method to align

carbon nanotubes has allowed the study of several prop-

erties of this nanostructures. Besides the examples

given here, we also have preliminary results on the spin

susceptibilities, magneto resistance, Hall coe�cients,

infrared absorption, and photo emission. The analy-

sis of this data is in progress and the results will be

presented in future publications.

Figure 6. Static magnetic susceptibilities of carbon nan-
otubes vs. Temperature, for �eld parallel (�k) and perpen-
dicular (�?) to the tubes. Raw nanotube containing ma-
terial (�raw) extracted form the electrode deposit. Planar
graphite (�c) from Ref. [24].
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