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Fig. 6. (A) Normalized Pc, and (B) M as a function 
of a H parallel to the c axis at various T < Tc,, for 
a sample with demagnetizing factor N/4'r- 0.08 
of the La2-xSrl +2xMn2O7 (x = 0.3) crystal. 

CPP-MR than current-in-plane (CIP)-MR 
in artificial magnetic multilayers (16). The 
merit of the perovskite manganites is that 
the spin polarization q of the conduction 
electrons is very large (reaching 100% at T 
<< Tc) as compared with the case of con- 
ventional FM transition metal [for example, 
for Ni, - 11% (17)]. Therefore, the 
interplane tunneling probability should be 
very sensitive to the respective spin states 
in the adjacent MnO2 bilayers. 

In the configuration with H parallel to 
the c axis (H 11 c), the samples for Figs. 3 and 
5 [-1 X 1 X 0.08 (c axis) mm3] have a 
large demagnetizing factor [N/41T 0.9, 
which was estimated by using the correc- 
tion for ellipsoids with three different axes 
(18)]. Thus, the real saturation field Hsat for 
this configuration should be much smaller 
than that presented in Fig. 5. To minimize 
the demagnetizing effect, we measured both 
the field dependence of the interplane MR 
and M for a sample with small demagnetiz- 
ing factor for H ll c [1.04 x 0.28 X 1.88(c 
axis) mm3, N/41- 0.08]. Figure 6 displays 
the results with H 11 c at several T's below 
TC.ax Below 40 K, the MR is rather insen- 
sitive to T. Small but clear hystereses were 
observed in isothermal MR curves, perhaps 
reflecting a high sensitivity of resistance 
measurement, though the hysteresis was not 
clearly discernible in the M curves. With 
increasing T toward Tcmax, the saturated re- 
sistivity further decreases because of the 
additional MR effect arising from the field 
alignment of the thermally fluctuated mag- 
netic domain along the c axis. 

The MR ratio [pC(0) - Pc(Hsat)]/Pc(Hsat) 
could vary from sample to sample, or from 
electrode to electrode, or both. In our mea- 
surements, the ratios were 30 up to 240% at 
temperatures sufficiently below TC,ax, Al- 
though the origin of the scatter in the data 
has not been understood yet, a statistical 
distribution of the interplane magnetic do- 
main boundaries might be responsible. Hsat) 
which appears around 1 kOe in the sample 
for Fig. 6, will be -400 Oe when the de- 
magnetization effect is properly corrected. 

We have presented the interplane tun- 
neling MR in a layered manganite crystal, 
La2-2xSrl+2xMn2O7 (x = 0.3), which is 
viewed as composed of FM-metallic MnO2 
bilayers with intervening nonmagnetic in- 
sulating (La,Sr)202 blocks. In the 2D-FM 
region, T' ,ax (-100 K) < T c T.ax (-270 
K), the field-induced incoherent-coherent 
transition for the interplane (c axis) charge 
transport contributes mostly to the ex- 
tremely large MR effect. Even below the 
interplane spin-ordering temperature TC ax) 

the interplane tunneling of the almost fully 
spin-polarized electrons is blocked at the 
interplane magnetic domain boundaries on 
the insulating (La,Sr)202 layers, but is re- 
covered during the magnetization process. 
This field-sensitive tunneling process 
gives rise to a low-field (<1 kOe) MR as 
large as -200%. The layered manganite 
thus intrinsically contains the infinite ar- 
rays of FM/I/FM junctions in its crystal 
structure, and shows a colossal interplane 
tunneling MR. 
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Large-Scale Synthesis of Aligned 
Carbon Nanotubes 

W. Z. Li, S. S. Xie,* L. X. Qian, B. H. Chang, B. S. Zou, 
W. Y. Zhou, R. A. Zhao, G. Wang 

Large-scale synthesis oi aligned carbon nanotubes was achieved by using a method 
based on chemical vapor deposition catalyzed by iron nanoparticles embedded in 
mesoporous silica. Scanning electron microscope images show that the nanotubes are 
approximately perpendicular to the surface of the silica and form an aligned array of 
isolated tubes with spacings between the tubes of about 100 nanometers. The tubes are 
up to about 50 micrometers long and well graphitized. The growth direction of the 
nanotubes may be controlled by the pores from which the nanotubes grow. 

The discovery of carbon nanotubes (1) has 
led to much speculation about their properties 
and potential applications (2). Large quanti- 
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ties of carbon nanotubes can now be produced 
by either arc discharge (3, 4) or thermal dep- 
osition of hydrocarbons (5, 6). However, ex- 
perimental characterizations and applications 
of the nanotubes have been hampered be- 
cause of problems with the alignment of the 
nanotubes. 

Recently, Ajayan et al. (7) developed a 
simple method to produce aligned arrays of 
carbon nanotubes by cutting a polymer resin- 
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nanotube composite. However, the degree of 
orientation of the nanotubes in the composite 
was affected by the thickness of the slices, and 
the aligning effect becomes less pronounced 
with increasing slice thickness. In addition, 
the presence of the resin matrix is unfavorable 
for accurately measuring the properties of the 
nanotubes. Another approach to aligning car- 
bon nanotubes was reported by de Heer et al. 
(8), who produced a uniform black deposit by 
drawing a nanotube suspension through a 0.2- 
pLm-pore ceramic filter and then transferring 
the deposited material onto a plastic surface to 
form a film of aligned carbon nanotubes. 
However, this results in some nanotubes stick- 
ing together, and the different lengths of the 
nanotubes in the film also affect the proper- 
ties of the film. Recently, the synthesis of 
bundles of long, well-aligned single-walled 
nanotubes was reported (9). 

We report here an efficient method to 
produce large areas of highly ordered, isolated 
long carbon nanotubes. The method is based 
on the chemical vapor deposition as described 

previously (5, 6, 10, 11). However, instead of 
using carbon black (5) and graphite or silica 
covered with transition metal nanoparticles 
(6, 10, 11 ) as the substrate, we utilized meso- 
porous silica containing iron nanoparticles 
embedded in the pores. 

Mesoporous silica containing iron nano- 
particles were prepared by a sol-gel process 
from tetraethoxysilane (TEOS) hydrolysis in 
iron nitrate aqueous solution (12). Analyti- 
cally pure TEOS (10 ml) was mixed with 10.4 
ml of analytically pure ethyl alcohol and 0.1 
M iron nitrate aqueous solution (11.4 ml) by 
magnetic stirring for -30 min. A few drops of 
concentrated hydrogen fluoride (0.2 ml) were 
then added, and the mixture was stirred for 15 
min. After gelation of the mixture, the gel was 
dried for 1 week at 60?C to remove the excess 
water and other solvents. The gel was then 
calcined 10 hours at 450?C at 10-2 torr. A 
silica network with relatively uniform pores 
was obtained with iron oxide nanoparticles 
embedded in the pores. The iron oxide nano- 
particles were then reduced at 550?C in 180 

Fig. 1. (A) Low-magnifica- 
tion SEM image of a film 
composed of aligned car- 
bon nanotubes. This film 
with a thickness of -50 pum 
was obtained by growing for 
2 hours. (B) Tip structure of 
the aligned tubes. 

Fig. 2. (A) High-magnification SEM 
image of carbon nanotubes grow- 500-nm 
ing out from the mesoporous iron/ 
silica substrate and forming an ar- 
ray. These carbon nanotubes have 
diameters of -30 nm. Spacings 
between tubes are -100 nm. Most 
of the carbon nanotubes are ap- 
proximately perpendicular to the 
surface of the silica. (B) SEM image 
of the mesoporous iron/silica substrate before carbon deposition. Pores -30 nm in diameter are 
distributed on the substrate and are separated by -1 00 nm. Many pores have relatively regular circular 
openings, while others have irregular openings. 

Fig. 3. High-resolution TEM image 
of a carbon nanotube. The tube is 
well graphitized and consists of 
about 40 concentric shells of car- 
bon sheets with spacing between 
the sheets of 0.34 nm. The inner 
and outer diameters of the tube are 
4 and 34 nm, respectively. Several 
TEM specimens have been exam- 
ined carefully, but no carbon nano- 
particles or iron nanoparticles 
trapped inside the tubes were ob- 
served, indicating that the carbon 
nanotube arrays are very pure. 

torr of flowing 9% H2/N2 (1 10 cm3/min) for 5 
hours to obtain iron nanoparticles, which 
have a high catalytic activity. Subsequently, a 
mixture of 9% acetylene in nitrogen was in- 
troduced into the chamber at a flow rate of 
110 cm3/min, and carbon nanotubes were 
formed on the substrate by deposition of car- 
bon atoms obtained from decomposition of 
acetylene at 700?C (6, 10). The samples were 
examined by a scanning electron microscope 
(SEM) (S-4200, Hitachi) before and after car- 
bon deposition, and energy-dispersive x-ray 
spectra (EDX) were recorded by a SiLi detec- 
tor attached to the SEM. To prepare a trans- 
mission electron microscope (TEM) speci- 
men, the sample was ground in a mortar and 
suspended in ethanol; a drop was then placed 
on a holey carbon copper grid and examined 
in a JEM 200-cx microscope to characterize 
the carbon nanotubes. 

We have used this method to prepare 
films composed of large quantities of highly 
aligned carbon nanotubes (Fig. 1A). The 
films can be easily cleaved along the growth 
direction of the nanotubes, which demon- 
strates that individual nanotubes grow con- 
tinuously from the bottom to the top of the 
films. The tip structure of the nanotubes 
(Fig. 1B) appears to be similar to that of 
,3-aligned tubes reported in (8). The tube 
tips in the top view appear to be larger than 
the tube diameters in Fig. 2A in part be- 
cause of an artifact caused by focusing and 
local charging effects and in part because of 
carbon clusters formed by the sudden stop 
of the growth process in our experiment. 

At high magnification, the SEM image 
(Fig. 2A) shows that carbon nanotubes with 
diameters of -30 nm grow out separately from 
the substrate to form an array; the spacing 
between the nanotubes is -100 nm, which is 
consistent with the spacing between the pores 
on the substrate (Fig. 2B). Most of the carbon 
nanotubes are approximately perpendicular to 
the surface of the silica, although a few of the 
nanotubes are slightly curved or tilted. In 
order to verify the effect of the nanometer 
pores on the growth direction of the nano- 
tubes, a quartz plate coated with the same iron 
nitrate solution, after drying and reduction, 
was used as the substrate to produce carbon 
nanotubes under the vapor deposition condi- 
tions described above. Many carbon nano- 
tubes 30 nm in diameter were formed on the 
quartz plate, but these tubes grew randomly to 
form a thick layer. We speculate that the 
growth direction and distribution of the nano- 
tubes are affected by the iron nanoparticles 
embedded in the pores of the mesoporous 
substrate, the pores acting as growth templates 
for carbon nanotubes. 

High-magnification TEM images show 
that the carbon nanotubes are well graphi- 
tized and typically consist of -40 concentric 
shells of carbon sheets (Fig. 3). Only a small 
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amount of carbonaceous material is at the 
periphery of the carbon nanotubes. We have 
not found any filled tubes (13) or carbon 
nanoparticles (buckyonions) (14). We also 
varied the preparation conditions of the iron/ 
silica substrate and found that the pore sizes 
were affected by the process parameters, such 
as stoichiometric composition, temperature, 
and drying procedure. The diameters of the 
carbon nanotubes were correspondingly af- 
fected. By applying the same conditions, it is 
easy to reproduce a specific substrate and ob- 
tain carbon nanotubes of the same diameter. 
The smallest diameter of carbon nanotubes 
prepared by our method to date is - 10 nm. 
We believe that it is possible to produce arrays 
consisting of very thin, and possibly even 
single-layered (4) carbon nanotubes, by im- 
proving the growth conditions. 

EDX spectra taken from the tips of aligned 
tubes show that the tips are composed mainly 
of carbon and a small amount of iron (98.76 
and 1.09 weight %, respectively). Some areas 
of the tube tips contain trace amounts of 
silicon and oxygen, both less than 0.2 weight 
%, which may be attributed to small silica 
fragments. The iron peak is attributed to iron 
nanoparticles which might have been pushed 
up by the growing carbon nanotubes. EDX 
spectra taken from central parts of the tubes 
show only a carbon peak; tubes filled with 
iron particles in the central parts were not 
detected. The TEM and EDX results indicate 
that some of the iron nanoparticles were at- 
tached firmly to the silica network and did 
not move upward during the growth of the 
carbon nanotubes, whereas others were at- 
tached weakly and could be carried up by the 
growing nanotubes. 

In order to describe the formation mecha- 
nism of the array of aligned carbon nanotubes, 
a possible growth model is depicted in Fig. 4. 
With careful preparation, iron/silica substrates 
with uniform pores can be obtained (see also 

Aj~~j AI~1 A1~I c Surface 

A Tube A A 

I ron ri naoparticle SbtaeVria eto 

Fig. 4. Possible growth model of carbon nano- 
tubes formed on iron nanoparticles embedded in 
mesoporous silica. Carbon nanotubes formed on 
iron nanoparticles embedded in the vertical cylin- 
drical pores grow perpendicular to the surface of 
the substrate (marked A). Those formed on iron 
nanoparticles embedded in inclined cylindrical 
pores were tilted along the axes of the pores 
(marked B), whereas those formed on iron nano- 
particles exposed on the surface of the substrate 
might grow freely (marked C). Tip or base growth 
is determined by the contact force between the 
iron nanoparticles and the silica network. 

Fig. 2B). Most of the cylindrical pores are 
formed perpendicular to the surface of the 
substrate, and only very few of the cylindrical 
pores are inclined with respect to the surface 
of the substrate, as shown on the vertical 
section of the substrate in Fig. 4. We propose 
that the carbon nanotubes grow out from iron 
nanoparticles embedded in these pores and 
that the template effect of the pores con- 
strains the carbon nanotubes to grow along 
the axis of the pores. Nanotubes formed on 
some exposed iron nanoparticles on the sur- 
face of the substrate may grow freely. Several 
models have been postulated to explain the 
formation mechanism of carbon nanotubes 
prepared by the catalytic decomposition of 
organic vapors (13, 15, 16). It is generally 
accepted that the tubes grow by the extrusion 
of carbon, dissolved in a metallic catalyst par- 
ticle that is oversaturated in carbon at one 
part of the surface, and that the catalyst par- 
ticles promote tip growth or base growth de- 
pending on the contact force between the 
catalyst particles and the substrate (16). In the 
present case, tip and base growth probably 
both occur; the tubes may be growing out 
from iron nanoparticles fixed in the pores, 
or the catalyst particles may be driving 
growth at the tube tips (13, 16). How the 
catalyst particles trapped in the pores affect 
the growth process is still an open question 
and needs further study. However, no mat- 
ter which growth process takes effect, the 
growth directions will be constrained by 
the pores, resulting in aligned growth of the 
carbon nanotubes. 

Recently, the synthesis of nanotubes in- 
side the pores of a nanoporous alumina 
membrane through polymerization of acry- 
lonitrile has been reported (17). However, 
the tubes did not grow out and had to be 
further graphitized at higher temperature. 
In contrast, carbon nanotubes produced by 
our method are relatively long and well 
graphitized, and the array of carbon nano- 
tubes formed on the hard bulk-substrate can 
be easily manipulated for measuring its 
properties and applications. The length of 
the nanotubes increased with the growth 
time, the growth rate being about 25 ,um/ 
hour. If the growth time was too long, some 
amorphous carbon was deposited on the 
surface of the carbon nanotubes, and with 
increasing length, the carbon nanotubes 
curved slightly. Optimal growth times were 
2 to 5 hours, leading to lengths of the 
carbon nanotubes between 50 and 100 ,um. 

In order to obtain large areas of aligned 
carbon nanotubes, mesoporous iron/silica 
substrates with large flat surfaces and uni- 
form distribution of pores are required. A 
main obstacle of preparing large area meso- 
porous iron/silica substrates is that these ma- 
terials tend to shrink, crack, and shatter 
during the preparation, so a meticulous dry- 

ing procedure for the gelled iron/silica net- 
work has to be followed (12). By using large 
area mesoporous iron/silica substrates, we 
have successfully produced arrays of well- 
aligned and isolated carbon nanotubes of 
several square millimeters. The substrate has 
been successfully removed to retain aligned 
tubes. EDX spectra taken from the root of 
the nanotubes demonstrate the presence of 
carbon alone, neither silicon nor iron could 
be detected. This is evidence of firm attach- 
ment to the silica network of those iron 
nanoparticles that remain in the pores dur- 
ing nanotube growth. 

Recent work has shown that carbon 
nanotubes show promise as a field emission 
source (18) and that they possess special 
electrical transport properties (8, 19) and 
high stiffness (20). We believe that the 
approach outlined here is a step toward the 
production of aligned nanotubes over large 
areas, and that our aligned, isolated, and 
long carbon nanotubes will offer more op- 
portunities for both fundamental research 
and technological applications. 
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