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Vapor-Condensation Generation and
STM Analysis of Fullerene Tubes

Maohui Ge and Klaus Sattler

Fullerene tubular structures can be generated by vapor condensation of carbon on an
atomically flat graphite surface. Scanning tunneling microscope (STM) images revealed
the presence of tubes with extremely small diameters (from 10 to 70 angstroms), most of
which are terminated by hemispherical caps. Atomic resolution images of such structures
showed that the tubes have a helical graphitic nature. The formation of the tubes under
the quasi-free conditions suggests that the growth to tubular rather than spherical con-

figurations is preferred for “giant fullerenes.”

Despite the tremendous interest recently
in the physics and chemistry of Cg, and
other fullerenes and their solid forms, little
is known about fullerene growth. Neither
the onset of nucleation nor the progression
toward the fullerene network is understood.
The structure of giant fullerenes (contain-
ing hundreds of carbon atoms) is also con-
troversial; experimental evidence exists to
support two possibilities, spherical mole-
cules versus tubular cages.

Concentric tubular carbon structures
were recently found by transmission elec-
tron microscopy at the end of carbon rods
used for arc discharge (I, 2), and such
structures could be produced in macroscop-
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ic quantities by using a similar generation
method (3). The smallest inner tube that
was observed (1) had a diameter of 22 A.
Electron diffraction pattern revealed helical
arrangement for concentric graphitic net-
works. The tubes were grown out from a
carbon substrate. Therefore a direct com-
parison to the free fullerene growth could
not be made. Although various properties
of the tubules were measured, the atomic
structure could not be directly determined.

Recent calculations predict that carbor
tubules of different diameters and helicities
have striking variations in electronic trans-
port, from metallic to semiconducting (4—
7). Also, such tubules are expected to
shield guest atoms from external electric
and magnetic fields (8). Besides tubular
structures, other low-energy configurations
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such as negative-curvature fullerene analogs
were also suggested (9-11).

We have produced carbon tubules by
quasi-free vapor condensation. This meth-
od is different from the previously reported
generation method of carbon tubes (I, 2).
Atomic resolution images obtained with a
scanning tunneling microscope (STM) re-
veal that the detailed structures of the tube
surfaces are networks of perfect honey-
combs. In addition, we observe a superpat-
tern on the tubes due to an incorporated
inner tube with different helicity. The
smallest tube imaged in our experiments has
a diameter of ~10 A, which is of the size of
Ceo- We suggest that the tubule growth
starts with the formation of a fullerene
hemisphere.

Our samples were prepared by vapor
deposition of carbon on highly oriented
pyrolytic graphite (HOPG) in ultrahigh
vacuum (UHV) at a base pressure of ~1078
torr. The use of graphite as a substrate
might lead to problems of distinguishing
adlayer features from steps, flakes, or other
substrate features (I12). This possibility,
however, can be excluded with our prepa-
ration procedure. The graphite (grade-A
HOPG) was freshly cleaved in UHV and
carefully examined by STM before the dep-
osition. The HOPG surface was atomically
flat and defect-free over micrometer dimen-
sions. It was cooled to —30°C during evap-
oration. The carbon vapor was produced by
resistively heating a carbon foil. The depo-
sition rate was monitored by a quartz crystal
film-thickness monitor. The average thick-
ness of the carbon adlayers ranged from 20
to 60 A. After deposition, the samples were
transferred to an STM operated at ~10~1°
torr without breaking vacuum. The STM
imaging was performed at room tempera-
ture. The microscope was usually operated
in the constant-current mode in which the
tip-to-sample distance is kept constant by
means of an electronic feedback control.
The atomic-scale images were obtained in
the variable-current mode. Bias voltages of
100 to 500 mV (both positive and negative)
and tunneling currents of 0.5 to 3.0 nA
were applied. A mechanically shaped Pt-Ir
tip was used.

Carbon tubes with diameters between 10
A and 70 A and up to 2000 A in length
were found. Three STM images of such
tubes are shown in Fig. 1. The cylindrical
shape is well displayed. Whereas Fig. 1, A
and B, shows parts of much longer tubes,
Fig. 1C shows smaller ones. Most of the
tubes are terminated by hemispherical caps.
Two of them in Fig. 1B are broken at the
lower left corner of the image.

In some cases we observed a coaxial
arrangement of the outermost and an inner
tube (upper right corner, Fig. 1B). The
outer tube is terminated in this region, and
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the adjacent inner one is imaged simulta-
neously. We measure an interlayer spacing
of 3.4 A, which is about the graphite
interlayer distance (3.35 A). Such possible
coaxial arrangement was confirmed by
atomic-scale imaging.

We found that the tubes are placed al-
most horizontally on the substrate. Irregular
nanostructures were also formed as displayed
in the images. However, the high occur-
rence (>50%) of tubes clearly shows that
the carbon atoms prefer to condense to
tubular structures, as opposed to other nano-
structures, under our preparation conditions.

In Fig. 2A we show an atomic resolution
image of a carbon tube, 35 A in diameter.
The structure imaged at the upper right
corner of the picture comes from another
tube. Both of them were ~1000 A long. A
perfect honeycomb surface structure is ob-
served. By taking into account the curva-
ture of the tube surface and the STM
imaging profile, we find the same lattice
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Fig. 1. Three STM images of fullerene tubes on
a graphite substrate.
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parameter as that of graphite (1.42 A),
demonstrating that the tubular surface is a
graphitic network.

One question arises if the observed tu-
bules are scroll-type filaments or perfect
cylinders. Scroll-type filaments should have
edge overlaps on their surfaces. During our
extensive STM survey along the tube sur-
faces on the atomic scale, we did not
observe any edges due to incomplete carbon
layers. Therefore we conclude that the
tubes are complete graphitic cylinders.

For the tube in Fig. 2A, the honeycomb
surface net is arranged in a helical way. A
chiral angle of 5.0° + 0.5° is obtained. The
chiral angle is defined as the smallest angle
between the tube axis and the C—C bond
directions of the honeycomb lattice. We
determined the tube axis from a large-scale
image.

For the formation of carbon tubes, spher-
ical-type nucleation seeds seem to be re-
quired. In a common method for the pro-
duction of tubular carbon fibers, the growth
is initiated by submicrometer-size catalytic
metal particles (13). Tube growth out of a
graphite rod during arc discharge might also
be related to nanoparticle-like seeds present
at the substrate (2). Under conditions that
resemble those for the production of
fullerenes, another type of nucleation seed is
possible. In this case, the tubes may grow out
of a hollow fullerene cap rather than out of a
compact spherical particle. After one-half of
a fullerene is formed, the subsequent growth
can proceed to a tubular structure rather
than to a spherical cage.

Indeed, the smallest tube that we mea-
sured had a diameter of 10 A, which is of the
size of Cg,- It is predicted to be the limiting
case of vapor-grown graphitic tubes with
monolayer thickness (14). Our observation
of hemispherically capped 10 A tubes sug-
gests that an incomplete Cg, cluster is the
nucleation seed for these tubes. The Cgy-
derived tube could be the core of possible
multilayer concentric graphitic tubes. After
the fullerene-based tube has been formed,
further concentric shells can be added by
graphitic cylindrical layer growth.

A “ball-and-stick” model of a Cyy ., 1q; (j
=1, 2,3, ...) tube with C5 symmetry
(Fig. 2B) yields a diameter of 6.83 A. By
considering the charge distribution, the
resulting outer diameter is 9.6 A (14),
which is nearly the same as the smallest one
observed in our experiment. In the model,
one end of the tube is closed by a Cg,
hemisphere. The cap contains six penta-
gons, and the body part of the tube contains
only hexagons. The hexagonal rings are
arranged in a helical fashion with a chiral
angle of 30° (“armchair configuration”).
One obtains this result when the tube axis
is the fivefold symmetric axis of the Cg,
cap. Other choices of symmetry axes for Cg,



caps lead to slightly larger tube diameters
and different helicities.

For the structural consideration, the gra-
phitic monolayer tube can be treated as a
rolled-up graphite sheet that matches per-
fectly at the closure line. Choosing the
cylinder joint in different directions leads to
different helicities. One single helicity gives
a set of discrete diameters. In order to obtain
the diameter that matches exactly the re-
quired interlayer spacing, the tube layers
need to adjust their helicities. Therefore, in
general, different helicities for different lay-
ers in a multilayer tube are expected and
were indeed found in our experiment.

In Fig. 2A we observe a zigzag superpat-
tern in addition to the atomic lattice. It
appears along the axis at the surface of the
tube. The zigzag angle is 120°, and the
period is ~16 A. This superstructure can be
considered as part of a honeycomb-type
giant lattice. Such giant lattices have been
observed for plane graphite when imaged by
STM (15-20). They can be explained by
misorientation of the top layer relative to
the second layer (15-17), which results in a
Moire pattern with the same type of lattice
structure but a much larger lattice parame-
ter. The angle of misorientation determines
the lattice constant. Because of the non-
equivalent atomic stacking, the local elec-
tron density of states at the Fermi level of
the top layer is modulated (16). Therefore
the STM can image a giant lattice in
addition to the atomic lattice and can give
the relative orientation of the first two
layers. For multilayer tubes with different
helicities between the top and the second
layer, one expects such a superpattern to be
observed. The helicity of the second layer
can be determined from the period of the
superstructure.

However, while there is an analogy be-
tween two misoriented graphite sheets and
two concentric cylindrical graphitic sheets of
different helicity, there is also a difference.
For planar sheets, the superpattern is ex-
tended throughout the whole plane, whereas
for cylindrical sheets it should appear only
within narrow stripes along the tube axis.
This effect occurs because the curvature is
different between the two cylinders, which
affects the atomic stacking mainly in the
direction perpendicular to the tube axis.

In Fig. 2C we illustrate a schematic
model of such a superpattern. Two graphite
sheets that are rotated relative to each
other are superimposed, which results in a
giant honeycomb lattice. By choosing an
angle of 9° for the misorientation, we ob-
tain a superlattice period of 16 A.

In general, from such modeling one finds
that for small chiral angles of both cylinders
the tube axis is approximately along the
zigzag direction of the giant honeycomb
lattice. The zigzag superpattern along the
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Fig. 2. (A) Atomic resolution STM image of a carbon tube, 35 Ain diameter. In addition to the atomic
honeycomb structure, a zigzag superpattern along the tube axis can be seen. (B) “Ball-and-stick”
structural model of a Cqy-based carbon tube. The upper part is closed by a Cq, hemisphere cap.
(C) Structural model of a giant superpattern produced by two misoriented graphitic sheets. The
carbon atoms in the first layer are shaded, and the second layer atoms are open. Between the two
dashed lines, we highlight those first layer atoms with white that do not overlap with second layer
atoms. Because of their higher local density of states at the Fermi level, these atoms (B-type atoms)
appear particularly bright in STM images (76, 21). It results in a zigzag superpattern along the tube
axis within the two white dashed lines as indicated.
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tube axis is directly observed in the STM
image of Fig. 2A. The measured period of 16
A reveals that the second layer of the tube is
rotated relative to the first layer by 9°. The
first and the second cylindrical layers have
chiral angles of 5° and —4°, respectively,
showing that the tubes are indeed composed
of at least two coaxial graphitic cylinders
with different helicities.

In our experiments, hot vapor is suddenly
quenched on a cold surface. The substrate is
atomically flat and chemically inert. This
leads to cooling and supersaturation of the
incoming vapor on a neatly noninteracting
surface. The resulting quasi-free growth con-
ditions resemble those for vapor-phase
fullerene formation. This method gives a
new approach to understand the formation
of novel hollow graphitic structures. Qur
observations suggest that the growth to tu-
bular rather than spherical configurations is
preferred for “giant fullerenes.”
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Oxygen Diffusion in Perovskite: Implications for
Electrical Conductivity in the Lower Mantle

Bjarni Gautason and Karlis Muehlenbachs

Experimental determination of oxygen self-diffusion in CaTiO, perovskite, a structural
analog of (Mg,Fe)SiO, perovskite, confirms a theoretical relation between diffusion con-
stants and anion porosity. Oxygen diffusion rates in (Mg,Fe)SiO, perovskite calculated with
this relation increase by about eight orders of magnitude through the lower mantle. Elec-
trical conductivity values calculated from these diffusion rates are consistent with inferred
conductivity values for the lower mantle. This result suggests that the dominant conductivity

mechanism in the deep mantle is ionic.

The lower mantle is the Earth's largest
silicate and oxygen reservoir, constituting
roughly half of the planet’s volume. The
dominant phase in the lower mantle, (Mg,-
Fe)SiO; perovskite, accounts for >85% of
its volume (1). Consequently, diffusion of
major elements in this phase may dominate
dynamic processes in the lower mantle.
Only recently have measurements of the
physical properties of (Mg,Fe)SiO; perov-
skite at pressures and temperatures that
correspond to those of the lower mantle
become possible (2, 3). These measure-
ments are still limited because of sample size
and constraints of the experimental appara-
tus. In the absence of direct experimental
determination, diffusion rates at very high
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pressure and temperature may be inferred by
experimental study of analog phases, empir-
ical modeling, or theoretical calculations.
The data from these approaches may pro-
vide a framework to discuss subjects such as
isotopic equilibration rates, mantle rheol-
ogy, chemical transfer between mantle and
core, and ionic conductivity.

In this report we provide data on oxygen
diffusion in CaTiO; perovskite, a phase
commonly used as an analog to (Mg,Fe)-
SiO; perovskite (4). Both CaTiO; and
(Mg,Fe)SiO; perovskite are orthorhombic
ABO; compounds, with a similar tolerance
factor (5) and, hence, similar thermochem-
ical properties (6). The experimentally de-
termined oxygen diffusion constants for
CaTiOj; are consistent with empirical rules
that relate diffusion constants to crystal
porosity (7). Therefore, we propose that
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the empirical relations may be used to
estimate oxygen diffusion constants for
(Mg,Fe)SiO; perovskite.

Diffusion is a thermally activated process
and is commonly described by the Arrhe-
nius relation

D = Dy exp(—Q/RT) (1)

where D is the diffusion coefficient, Dy, is a
constant, (Q is the activation energy, R is
the gas constant, and T is absolute temper-
ature. When this relation holds, a plot of
the logarithm of the diffusion coefficients
versus the inverse temperatures yields a
straight line. To measure oxygen diffusion
in CaTiO; perovskite, we partially equili-
brated aliquots of perovskite powder with
CO, gas at temperatures between 900° and
1300°C in a 1-atm furnace. Several exper-
iments were done at each temperature, with
varied grain size and run time (8). The data
from our experiments (Fig. 1) fit an Arrhe-
nius relation with an activation energy
(derived from the slope on Fig. 1) of 313 =
10 k] mol ™! and a preexponential factor D,
of 5.0778 cm? 571

The experimentally derived oxygen dif-
fusion constants Q and D, for CaTiO,
perovskite are consistent with a recent em-
pirical model that relates the activation
energy for oxygen diffusion and the preex-
ponential factor (In D) to the anion poros-
ity () of crystals (7). The anion porosity is
a measure of the volume fraction not occu-
pied by anions and is defined as 1 —
(VA/V), where V, is the volume of anions
in the unit cell and V is the unit cell
volume (9). Data from 1-atm oxygen diffu-
sion experiments on several minerals (Ta-
ble 1) illustrate a well-defined linear rela-
tion (Fig. 2A) between anion porosity and
the activation energy. In contrast, the re-
lation between porosity and In D, (Fig. 2B)
shows considerable scatter. In both plots,
the scatter is significantly reduced if the
data from a single laboratory are considered
(7), which suggests that some scatter stems
from interlaboratory comparison. Further-
more, the activation energy and In D,
cannot be determined independently, and
small uncertainties in the slope (Q) will
lead to large uncertainties in D,.

The linear relations may be combined to
give an equation that relates anhydrous
oxygen diffusion to temperature and anion
porosity (7, 10)

InD=A +B® - [(L + M®)10>RT] (2)

The constants A and B are the intercept and
slope, respectively, in the linear relation
between In D, and ®, and the relation
between Q and @ is similarly described by
the constants L and M (Fig. 2, A and B).
We obtained A = 36.5 + 7.7, B = —1.01
+0.17,L = 1116 = 60, and M = —18.6 =
1.3 from the values in Table 1 (11). The





